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The development of catalytic and selective oxidation processes under mild 
reaction conditions is of concern in many industrial fields. Alcohol oxidation to 
aldehyde and ketone is one of the most important reactions in the fine chemical 
industry. The fine chemical industry needs the green technology which is based on 
environmental friendliness and compatibility. In this thesis, the catalytic oxidation 
of alcohols into aldehydes and ketones over heterogeneous catalysts is studied.  
 
The aerobic oxidation processes, catalyzed by zirconium hydroxide-supported Ru 
catalyst, can be performed under mild reaction conditions to give high yields of 
the aldehydes or ketones. However, low selectivities were observed for the 
oxidation of primary alcohols due to aldol condensation. The conversion of 
alcohols in nonpolar solvents was higher than in polar solvents. Calcining the 
catalyst to higher temperatures decreased the surface density of hydroxyl groups, 
in turn affecting the rate of reaction. Besides the zirconium hydroxide-supported 
Ru catalysts, Ru was also incorporated as a mixed oxide together with cobalt and 
cerium.  Samples with varying composition of Ru, Co, and Ce were prepared and 
characterized. These trimetallic oxides were found to be more active after 
calcinations. From XPS measurements, the surface composition of the uncalcined 
catalyst was different from the bulk with an enrichment of ruthenium and cobalt. 
Further surface enrichment of ruthenium occurred after calcination but the cobalt 
 v
surface concentration decreased.  
 
Oppenauer oxidation of alcohols was carried out over zirconium 
hydroxide-supported silica catalyst. Furfural was found to be a good H-acceptor. 
Good chemoselectivity was obtained. The benzylic and allylic alcohols can be 
converted to the corresponding aldehydes with high conversion. However, the 
reusability of the catalyst by washing with solvent was not enough to remove any 
adsorbed species.  
 
Besides furfural, the oxidation can also proceed via the use of TBHP as the 
oxidant. In both Oppenauer and TBHP oxidation, zirconium hydroxide-supported 
silica catalyst with 20 – 30 mol % Si was found to be a good catalyst. The most 
active catalysts are those which have been dried at 100 °C. The catalyst could be 
reused for TBHP oxidation after washing with the solvent and NaOH solution. 
The conversion remained the same with the recycled catalyst.  
 
In comparison, the aerobic oxidation processes over the supported Ru catalysts 
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Chapter One 




Nowadays, environmental concerns and regulations are getting more and more 
stringent.1 In the chemical industry, finding more environmentally friendly 
processes is necessary.2 Catalysis plays a fundamental and indispensable role in 
green chemistry, as it can help to reduce or eliminate the use and generation of 
hazardous substances in chemical processes.3 Therefore, by careful design and 
application of catalysts in industries, obviously economic and environmental 
benefits can be obtained. 
 
Catalysis has played a primary role in the success of the industry in the 20th 
century.4 Homogeneous catalysts, which are usually organometallic complexes, 
have been widely used in the organic reactions. They offer several advantages. For 
example, due to the homogenized reaction system, the reaction mechanism of 
homogeneous catalysis can be investigated easily. Because of the homogeneity 
with the reactants, these types of catalysts tend to be more efficient in structure 
designing. They can be chemically modified to produce molecules in large size 
with a desired structure. However, after the homogeneous catalytic reactions, 
large amount of chemical additives and water to deactivate the organometallic 
catalysts are often required for separating catalysts from the reaction system. 
When the separation is carried out, the organic ligands of the organometallic 
complex may be destroyed. These processes will increase the environmental 
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impact. Furthermore, such catalysts are often not adaptable to use in the generally 
more efficient flow reaction systems.5,6 On the other hand, heterogeneous catalysts 
are usually less selective than the homogeneous ones because of the multiple 
active sites on their surface. They have successfully been employed in the bulk 
chemical and oil refining industry, because of their ease of recovery, recycling, 
high stability and high adaptability to various reaction systems.7 Therefore, 
heterogeneous catalysts have attracted increasingly more attention not only from 
research laboratories but also from the chemical industries. 
 
Fine chemicals are the chemical products that are made in relatively small 
quantities and are typically high in cost. The molecules are usually complex and 
multifunctional with limited thermal stability, high value and a short product life.2 
Fine chemicals industries supply the raw materials of cosmetics, flavors and drugs, 
which are widely used in our daily life and the demand for fine chemical 
intermediates has been increasing steadily recently. For example, citral is the 
major constituent of the oil of lemongrass and is used in the synthesis of vitamin 
A, ionone, and methylionone. Cinnamaldehyde can be used for flavouring food 
items like chewing gum, ice cream, candy, and beverages. Unfortunately, the 
processes for synthesizing fine chemicals are far from green chemistry. The fine 
chemicals and pharmaceuticals industry produces tens of times more wastes than 
products. In addition, synthesis of fine chemicals costs approximately hundreds of 
times more than the bulk chemical production and oil refining cost.8 Table 1.1 
shows the ‘E factor’, which increases dramatically from bulk chemicals to fine 
chemicals and pharmaceuticals.2,9 Fine chemicals are produced on a the relatively 
small scale in the production. The complex synthetic routes and the short 
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development time to meet market demands lead to tremendously higher E-factors 
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Figure 1.1 Traditional and catalytic routes to hydroquinone. 
Therefore, in order to minimize the amount of waste and costs of disposal, the 
appropriate use of catalysis can tremendously contribute in the development of 
cleaner processes for the fine chemical industry.  
 
1.2 Heterogeneous Catalysis in Fine Chemicals Synthesis 
 
The application of heterogeneous catalysts in fine chemicals synthesis can 
generally be divided into five groups: solid-acid catalysis, solid-base catalysis, 
catalytic hydrogenation and dehydrogenation, catalytic C-C bond formation and 
catalytic oxidation.  
 
(a) Solid-Acid Catalysis 
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Acid catalysis is one of the most important areas of catalysis.4 Mineral acids such 
as H2SO4, and HF are commonly employed in nearly all sections of the chemical 
industries. For example, HNO3, H2SO4, and HCl have been used in the 
esterification.11 However, they are hazardous to use and are not reusable. In 
addition, processes using these acids discharge large volumes of toxic liquid and 
solid waste. If these mineral acids were replaced by recyclable solids, not only 
would the waste be dramatically reduced, but also the chemical process would 
become easier and safer to control.2   
 
There are many types of solid catalysts that have natural acidic sites such as acidic 
clays, zeolites, silica-occluded heteropoly acids, sulfonated polysiloxanes, Nafion 
and various hybrid sulfonated mesoporous systems.12,13 Lahousse14 et al prepared 
two series of mixed oxides ZrO2-Al2O3 and ZrO2-TiO2 from propylate hydrolysis, 
followed by drying and calcination. The results showed that a synergy occurred 
for the ZrO2-TiO2 samples leading to a maximum Brønsted acidity and minimum 
basicity for ZrO2 (23 %)-TiO2 (77 %). On the other hand, the Lewis acidity of 
ZrO2-Al2O3 samples increased with the alumina content whereas the basicity 
decreased sharply as soon as alumina was introduced. The generation of acidic 
sites was explained by: (i) the coordination number of the two metals being 
maintained even when mixed; (ii) the coordination number of the oxygen being 
that of the oxygen of the major oxide component.15 The acidity of Brønsted or 
Lewis sites is due to an excess of negative or positive charges, respectively.  
 
By novel methods of preparation, even homogeneous catalysts can be 
heterogenised. For example, a catalyst was reported to be formed by solid-state 
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interaction between ZnCl2 and NaY zeolite under microwave irradiation.16 ZnCl2 
was traditionally used as a homogeneous catalyst. The resulting catalyst 
ZnCl2/NaY is shown to efficiently catalyze the Diels–Alder reaction with 
excellent catalytic activity and high regioselectivity of the para/meta aldehyde 
(Scheme 1.1). It is believed that the Lewis acid sites formed on the surface of NaY 












Scheme 1.1 Diels–Alder reaction promoted by solid-acid catalyst (p/m=93/7) 
 
Macquarrie and his co-workers17 reported that mesoporous silica modified by 
perfluorinated sulfonic acids is an excellent catalyst for Brønsted acid catalysed 
transformations in the Friedel-Crafts reaction. The catalysts were prepared from 
the silane (1) and tetraethoxysilane (2) using the sol-gel co-condensation route 























































Scheme 1.2 Friedel-Crafts reaction promoted by solid-acid catalysts 
b) Solid-Base Catalysis 
nterest in solid base catalysts started much later than that in solid acid catalysts; 
owever, solid-base catalysis is becoming popular and has been an area of active 
nvestigation recently.18 Base catalysts, however, play a decisive role in a number 
f reactions essential for fine-chemical synthesis. Solid-base catalysts have many 
dvantages over liquid bases or organometallics. They present fewer disposal 
roblems, while allowing easier separation and recovery of the products, catalysts, 
nd solvent. They are noncorrosive. Thus, solid-base catalysts offer 
nvironmentally benign and more economical pathways for the synthesis of fine 
hemicals.19 Hydrotalcites, hydroxyapatites, Cs-zeolites, and organic hybrid 
esoporous materials have been widely used in organic synthesis. 
oelofs20 reported that modified hydrotalcites (HT) show a high activity and 
electivity in the aldol condensation reaction at low reaction temperature, even at 
73 K (Scheme 1.3). In their research,  the HT was calcined and then rehydrated. 
he calcined HT exhibits high Lewis basicity, and after rehydration, the reaction 
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temperature can be lower. Researchers find that only a small part of the total basic 
sites (~5 %) in the rehydrated calcined HT-structure is available for liquid-phase 
aldol condensation reactions at low temperatures. These sites are most likely 















DAA Mesityl oxide  
Scheme 1.3 Aldol condensation by solid-base catalyst 
(c) Catalytic Hydrogenation and Dehydrogenation 
Catalytic hydrogenation over heterogeneous metals has been used in organic 
synthesis for a long time.2 Raney® Nickel was developed in 1926 by American 
engineer Murray Raney as an alternative catalyst for the hydrogenation of 
vegetable oils in industrial processes. Currently, Ni and other noble metals (Pd, Pt, 
and Ru) covering porous materials are well investigated.21,22 Various functional 
groups are efficiently hydrogenated, often with high chemo-, regio- and 
stereoselectivity. Nie23 reported that the one-pot conversion of (±)-citronellal to 
menthol can be selectively catalysed by either a bifunctional Ni/Zr-zeolite beta 
catalyst or a dual catalyst system of Zr-beta and Ni/MCM-41, giving a high 
diastereoselectivity to (±)-menthol of 90–94%. Occasionally surface modification 
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of supported noble metal catalysts with chiral additives can also afford high 
enantioselectivity. Dehydrogenation, the reverse reaction of the hydrogenation, is 
sometimes considered as oxidation.24 
 
(d) C-C bond formation 
The generation of new C-C bonds is also an important reaction in organic 
synthesis. This usually includes condensation of carbonyl compounds catalyzed 
by basic catalysts. However, many C-C bond forming reactions also involve 
transition metal catalysis and these reactions can be conveniently performed with 
homogenous catalysts. Immobilizing organometallic complexes to a silica surface 
or to the internal surface of a porous material can be employed to make 
heterogeneous catalysts for various C-C bond forming reactions.  
 
1.2.2 Catalytic Oxidation  
Catalytic oxidations, including alcohol oxidation, epoxidation and 
dehydrogenation, are pivotal transformations in organic synthesis. The world-wide 
annual production of carbonyl compounds is over 107 tonnes and many of these 
compounds are produced from the oxidation of alcohols.25 Moreover, oxidation 
reactions in organic synthesis provide a realm for fundamental academic studies 
on a crucial problem of selectivity and on its relations with the nature, structure, 
and properties of catalysts.26 
 
The oxidation of organic chemicals is traditionally carried out with stoichiometric 
amounts of oxidants such as chromium reagents, permanganates, ruthenium (VIII) 
oxide, TPAP/NMO (tetra-N-propylammonium perruthenate/N-methyl-
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morpholine-N-oxide), activated dimethyl sulfoxide (DMSO) reagents, or Dess–
Martin periodinane reagent.25,27 Unfortunately, these methods often require one or 
more equivalents of these oxidizing agents, and most of the peroxide salts, acting 
as the oxidants, are very toxic. Furthermore, the oxidation reactions are usually 
carried out in halogenated organic solvents, typically chlorinated hydrocarbons, 
which are environmentally unfriendly. 
 
1.2.2.1 Type of Oxidants 
In the development of effective catalytic oxidation systems, it is  desirabile that 
the oxidants that are low cost with high selectivity, activity, and stability. 
Catalytic oxidations in the liquid phase generally employ clean, inexpensive 
oxidants such as O2, H2O2, or RO2H.  The weight percentage of active oxygen in 
the oxygen donor (DO) is shown in Table 1.2.28 
 
From this table, the most desirable oxidant is O2 due to its low cost, high active 
oxygen percentage and stability. However, the mechanism of direct oxidation is 
one of the most complex in chemistry. The next most desirable oxidant is H2O2. It 
is relatively inexpensive and has a high weight percentage of active oxygen. H2O2 
is more environmentally friendly than the other oxidants that produce either 
organic compounds or inorganic salts as by-products. Its by-product is water. 
Organic hydroperoxides such as tert-butyl hydroperoxide (TBHP), cumene 
hydroperoxide (CHP), and ethylbenzene hydroperoxide (EBHP) can also be 
employed in the oxidation reaction but they have the drawbacks of lower 
selectivity to the desired products and complicated mechanisms.29 
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Table 1.2 Oxygen Donor Oxidants, DO 
DO % Active Oxygen By-product and comments 
O2 100 No by-products. Complicated mechanism 
H2O2 47 H2O. Environmentally attractive. 
O3 33 O2. Potentially environmentally attractive. 
NaClO 21.6 NaCl. ClO- can produce toxic and carcinogenic 
chlorocarbon by-products in some cases. 
t-BuOOH 
(TBHP) 
17.8 t-BuOH. Commercially important in catalyzed 
oxygenations 
C5H11NO2 13.7 C5H11NO 
KHSO5 10.5 KHSO4. Water compatible but generates 
marginally toxic salt. 
 
1.2.2.2 Catalytic Oxidations of Alcohols to Aldehydes and Ketones 
The oxidation of alcohols to aldehydes and ketones is a crucial process for the 
synthesis in the fine chemical industry.30 In recent years, the development of more 
efficient ways of oxidizing alcohols has focused on the area of heterogeneous 
catalyst, such as noble metals and porous materials. These catalyze the oxidation 
of alcohols by a variety of inexpensive and environmentally compatible oxidants 
such as molecular oxygen, hydrogen peroxide etc.. 
 
Heterogeneous ruthenium catalysts have attracted more attention recently. 
Ebitani31 introduced Ru into the hydroxyapatite framework of Ca10(PO4)6(OH)2. A 
zeolite-confined nanometer sized RuO2 (RuO2-FAU) was also reported to be 
highly active in aerobic oxidation.32 The substitution of Fe for Ru and Cu in ferrite 
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spinel (MnFe2O4) gave a mixed oxide, MnFe1.5Ru0.35Cu0.15O4, which was also an 
effective heterogeneous catalyst for the aerobic oxidation of alcohols.33 Ru 
impregnated on the Al2O3 surface showed a high efficiency in oxidation, since it 
can oxidize not only alcohols to aldehydes and ketones but also amines to nitrites 
or imines with high selectivity.34 For the aerobic oxidation of alcohols, other 
mixed oxides have been reported by Ji et al.35 
 
(a) Catalytic Aerobic Oxidation 
Heyns36 found that the process of liquid phase oxidation reactions of alcohols on 
metal surfaces is conducted via a dehydrogenation mechanism, followed by  
oxidation of the adsorbed hydrogen atom by dissociated oxygen. This was 
supported by kinetic modelling of oxidation experiments and by direct observation 
of hydrogen evolution from the oxidation of aldose in aqueous solution at basic 
pH (>11) in the presence of platinum or rhodium catalysts.37-39 The 
dehydrogenation mechanism was also supported by many physical and chemical 
measurements. For instance, oxidation experiments of ethanol or 2-propanol using 
18O-labeled oxygen showed that this isotope was not incorporated into the reaction 
products. Electrode potential spectrum showed that the potential of the platinum 
catalyst in alcohol solutions was almost similar to that of the hydrogen electrode, 
i.e.,  the platinum surface is partly covered by adsorbed hydrogen.  
 
Hence, two steps have been proposed for the surface-catalysed oxidation of 
alcohols : 1) dehydrogenation to the alkoxide RCH2Oads, which is subsequently 
dehydrogenated into the corresponding aldehyde; and 2) adsorbed hydrogen atoms 
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are removed from the surface by reaction with dissociated oxygen adsorbed on the 
catalyst. 
 
adsadsadsl HRCHOOHRCHOHRCH 222 +→→               (1.1) 
OHOH adad 22 →+                         (1.2) 
 
Another oxidation pathway for the reaction of the organic substrate with oxygen 
was reported by van den Tillaart et al.40 Both reactants adsorb on the surface of 
catalyst. The first step involves the abstraction of hydrogen from the hydroxyl 
group of ethanol, followed by reaction and the dehydrogenation of the ethoxide 
species CH3CH2Oads with dissociatively adsorbed oxygen. 
 
ads
cat OO 22 ⎯→⎯                      (1.3) 
adsads HOCHCHOHCHCH +⇔ 2323                              (1.4)    
adsadsads OHCHOCHOOCHCH +→+ 323                       (1.5) 
OHOHH adsads 2→+                                                       (1.6) 
 
The oxidative dehydrogenation mechanism is widely accepted, but the precise 
reaction pathway is still under debate as the nature and concentration of adsorbed 
species are not known. 
 
The mechanism of oxidation over metal hydroxides is quite different from that of 
dehydrogenation.41,42  It was proposed that catalytic oxidation over metal 
hydroxide can be divided into four steps (Scheme 1.4): (1) the metal-alcoholate 
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species is formed through a ligand exchange between metal hydroxide and the 
alcohol; (2) the alcoholate species undergoes typical β-hydride elimination to 
afford the corresponding carbonyl compound and the metal hydride species; 
(3) the hydride species are then reoxidized by molecular oxygen and the transition 
state of metallic hydroperoxide is formed; and 4) the hydroperoxide species is 





Scheme 1.4 Mechanism of alcohol oxidation over Ru(OH)3
(b) Peroxide Reagents as Oxidants 
Catalyzed oxidations of alcohol can also be carried out with peroxide reagents. 
Scheme 1.5 shows the proposed reaction pathway. 27,43 In the peroxometal 
pathway, the active site does not have any change in oxidation state during the 
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catalytic cycle and no stoichiometric oxidation is observed in the absence of 
peroxide. The metal centre (M) in the transition state serves to (1) coordinate the 
substrate and the H-acceptor ROOH , (2) activate the O-O bond of ROOH, and (3) 











eme 1.5  Peroxide oxidation of alcohols by peroxometal pathway.
auer Oxidation of Alcohol 
ation of alcohols, a H atom can be transferred not to an oxygen on the 
 the catalyst, but to another organic reagent, which acts as the H 
One of the important hydrogen transfer reactions avoiding the use of 
hydrogen is the classical Meerwein-Ponndorf-Verley reduction and the 




































Scheme 1.6  Classical mechanism of MPV reduction and Oppenauer oxidation  
he Oppenauer oxidation is superior to other oxidation methods owing to its high 
ield and mild reaction conditions. It was shown to be particularly useful in the 
ynthesis of complicated steroids, which are easily decomposed under high 
eaction temperatures. A mechanism involving a cyclic intermediate in which both 
eductant and oxidant are coordinated to the metal center of a metal alkoxide 
atalyst, has been suggested by Oppenauer (Scheme 1.6). This mechanism is also 
pplicable to oxidations in which transition metal compounds are employed 
nstead of aluminium alkoxide. To favourably shift the equilibrium, H-acceptors 
hat are more easily reduced than the pursued product have to be selected in view 
f thermodynamic product control. 
.3 Aims and outline of this thesis 
s one of the most important reactions in fine chemical industry, the oxidation of 
lcohols to aldehydes and ketones is of interest from the environmental and 
conomic points of view. The aim of this study is to investigate the types of 
atalysts and oxidants suitable for oxidizing alcohols to carbonyl compounds 
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without overoxidation to acids or esters. Various primary, and secondary alcohols 
as well as diols will be tested.  
 
In this study, supported Ru catalysts and bulk mixed oxides will be tested for the 
direct oxidation of alcohols to aldehydes and ketones. This will be compared with 
studies using the Oppenauer oxidation and oxidation using tert-
butylhydroperoxide. The use of reusable heterogeneous catalysts should reduce or 
eliminate the use and generation of hazardous substances. This is in line with the 
principles of green chemistry which have been listed as: 46
1) reducing or elilinating waste generation,  
2) designing safer chemicals and products,  
3) designing less hazardous chemical syntheses,  
4) using renewable feedstocks,  
5) using catalysts,  
6) avoiding chemical derivatives,  
7) maximizing atom economy,  
8) using safer solvents and reaction conditions,  
9) increasing energy efficiency,  
10) designing chemicals and products to degrade after use,  
11) analyzing in real time to prevent pollution, and  
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Chapter Two         
Experimental 
 
2.1 Preparation of Catalysts 
The catalysts can be separated into supported metal catalysts and bulk oxides. For 
the supported metal catalysts, zirconium hydroxide was used as the support and 
Ru and silica were impregnated onto it. For the bulk oxide catalysts, various 
compositions of Ru, Ce, Co were impregnated. 
 
2.1.1 Zirconium Hydroxide-Supported Catalysts 
Zirconium hydroxide, or hydrous zirconia, was obtained by precipitation of 
zirconium chloride with ammonium hydroxide1. A 10 wt. % solution of ZrCl4 
(Merck) was added dropwise by a peristaltic pump into a 5 M ammonium 
hydroxide (Riedel de Haën) solution with vigorous stirring. The amount of 
ammonia was in excess by about 30 %. After the addition, the pH of the resulting 
solution was adjusted to around 9.5 by using 5 M ammonia solution. The Zr(OH)4 
precipitate was left to stand overnight under vigorous stirring. It was then refluxed 
at 100 ûC in a Teflon round-bottomed flask for 24 hours. The Zr(OH)4 was filtered 
and washed until the filtrate tested negative for chloride ions (silver nitrate test). 
The resulting Zr(OH)4 was used as the precursor of  support.  
 
2.1.2 Zirconium Hydroxide-Supported Ruthenium Catalysts  
The zirconium hydroxide was dried overnight at 100 °C and ground to a fine 
powder. Ruthenium was supported on it via a wet impregnation technique. The 
following describes the preparation for a 2.5 wt% of ruthenium loading on 
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zirconium hydroxide. About 2.0 g of the dried zirconium hydroxide was 
suspended in an aqueous solution of RuCl3 (Aldrich, 60 mL, 0.1164 g) with 
vigorous stirring at room temperature for 2 h. The initially black aqueous phase 
turned lighter and the zirconium hydroxide powder became dark grey. The pH 
value of the resulting suspension was then adjusted to around 9.5 with NaOH 
(0.1 M). The suspension was left to stir overnight at room temperature. During 
this time, the powder changed from a dark grey color to greyish green. The 
greyish-green solid was then filtered by suction filtration and washed with large 
amounts of deionized water to remove any sodium and chloride ions present. The 
presence of chloride in the filtrate was detected by silver nitrate. Ru/Zr(OH)4 of 1, 
2.5, 3 and 5 wt% was prepared by a similar method. The samples are labelled as 
Ru/Zr-x-f and Ru/Zr-x-cT where x stands for the weight percentage of Ru and f 
refers to fresh catalysts dried at 100 °C while cT refers to the calcination 
temperature of the catalyst. 
 
Ruthenium was also supported on MgO (Merck), hydrotalcite (HT) and siliceous 
SBA-15 using the same impregnation method. They are referred to as Ru/support-
x-f where x refers to the weight percentage of Ru.  
 
2.1.3 Silica-Coated Zirconium Hydroxide 
Zirconium hydroxide was prepared as above. About zirconium hydroxide (3.2 g, 
20 mmol) was dispersed in deionized water (60 ml) with stirring.  
Tetraethylorthosilicate (TEOS) (Fluka)was used as the silicon source.2,3 
Depending on the various mole ratio of zirconia to silica, a separate solution of 
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TEOS in ethanol (20 wt %) was prepared, and added to the Zr(OH)4 slurry with 
stirring (Table 2.1). 
 
 
The pH value of the resulting suspension was adjusted to around 9.5 with 5 M 
NH4OH. The suspension was placed in a Teflon round-bottomed flask and 
refluxed at 100 °C for two days. The zirconium hydroxide-supported silica was 
then filtered, washed with deionized water, and dried at 100 °C. Part of the sample 
was calcined at 300 °C for 3 hours. The zirconium hydroxide-supported silica 
samples are named ZS-x-f or ZS-x-cT where x stands for the mole percent of 
silica and refers to fresh catalyst dried at 100 °C for drying, and cT refers to the 
calcination temperature. 
 
2.1.4 Ru-Co-Ce mixed oxides 
Trimetallic oxides, RuxCoyCezOn, with varying amounts of Ru, Co and Ce were 
prepared according to the following procedure. To prepare a sample with Ru, Co, 
and Ce in the mole ratio, 1:6:4, 0.477 g RuCl3 (Aldrich), 4.02 g Co(NO3)2·6H2O 
(Fluka), and 5.04 g Ce(NH4)2(NO3)6 (Merck) were mixed with 35 mL water in a 
Table 2.1 Amount of reagents used in preparing the silica-coated Zr(OH)4 
 
Sample name Zr(OH)4 (g) TEOS (g) Ethanol (g) Water (ml) 
ZS-10 3.18 0.46 4.2 60 
ZS-20 3.18 1.04 9.4 55 
ZS-30 3.18 1.79 16.0 50 
ZS-40 3.18 2.77 25.0 40 
ZS-50 3.18 4.17 38.0 30 
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200 mL round-bottomed flask. Another solution was prepared containing 2 g 
NaOH and 1.59 g Na2CO3 in 35 mL water. This solution was pumped into the first 
solution with stirring. After the addition, the slurry was stirred overnight at 65 °C. 
The slurry was filtered, washed and dried at 100 °C overnight. The dried sample 
was calcined to 500 °C for 3 h. A heating ramp of 10 °C/min was used.  
 
 
The trimetallic oxides are named RuCoCe-x-y-z or RuCoCe-x-y-z-C where x 
stands for the mole percent of Ru, y the mole percent of Co, z the mole percent of 
Ce and C refers to the sample calcined at 500 °C. 
 
2.2 Catalyst Characterization Techniques 
2.2.1 X-Ray Powder Diffraction 
X-ray diffraction (XRD) is an important technique for the structure elucidation of 
crystalline or semicrystalline materials.4 It can provide the crystal structure of pure 
single crystals as well as qualitative identification of the compounds present in 
crystalline powders. 
 
Table 2.2 Preparation of RuxCoyCez catalysts 
Catalysts code RuCl3 Co(NO)2·6H2O Ce(NH4)2(NO3)6 
RuCoCe-1-5-5 0.456 3.20 6.03 
RuCoCe-1-6-4 0.477 4.02 5.04 
RuCoCe-1-7-3 0.519 5.09 4.11 
RuCoCe-1-8-2 0.539 6.05 2.85 
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Each crystalline solid has its unique characteristic X-ray powder diffraction 
pattern which may be used as a "fingerprint" for its identification. X-ray 
crystallography gives information on how the atoms pack together in the 
crystalline state, the inter-atomic distance, angle, size and shape of the unit cell. 
When X-ray photons strike the sample, they are diffracted by the parallel crystal 
planes, giving intensities at certain angles (Fig. 2.1). The distance between the 
planes can be calculated by using Braggs equation: 
θλ sin2dn =  
where n is an integer normally taken as 1, d is interplanar spacing, θ is the angle of 
diffraction, and λ is the wavelength of X-ray. 
 
When the sample is a powder, some of the crystallites will be orientated so as to 
satisfy the Bragg condition for each set of planes (hkl), and different planes will 
give rise to intensity at correspondingly diffraction angles. Diffraction patterns are 
unique for each compound and serve as a fingerprint for a crystalline material. By 
using modern powder diffractometers, the intensities of the reflections are 
automatically monitored and the diffraction angles and intensity are recorded by a 
computer. 
 
By comparing with standard spectra in a software library, the identity and the 
structure of the sample can be verified. However, amorphous materials can not be 




In this study, the crystalline phases of the samples were determined by the powder 
X-ray diffraction using a Siemens D5005 diffractometer, which is equipped with a 
Cu anode and variable slits. The Cu anode was operated at 40 kV and 40 mA, and 
the measured area was kept constant at 20 × 20 mm. A typical scan involved a 
range of 2θ from 2° to 80°, using a step size 0.02°, and a measurement time of 1 
second/step. 
 
2.2.2 Nitrogen Porosimetry  
The total surface area is calculated from the amount of physical adsorption of 
nitrogen at 77 K. During the 1930s, Brunauer, Emmett, and Teller presented a 
theory dealing with the multilayer adsorption of gas on solids. The BET theory 
was applied to multilayer adsorption with the following hypotheses. First, the first 
layer of gas molecules is adsorbed more strongly than subsequent layers, and the 
heat of adsorption of subsequent layers is constant. Second, lateral interaction 
between adsorbed molecules is absent. Third, the Langmuir theory for monolayer 
adsorption can be applied to each layer. From the adsorption isotherm, a value 
 
Figure 2.1 Reflection of x-rays from two planes of atoms in a solid. 
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corresponding to the volume of the adsorbed monolayer is calculated. With 
physical adsorption the amount of gas adsorbed is usually plotted as a function of 
the relative pressure, which is the pressure divided by the saturation pressure at 











where P0 is saturation pressure which is the vapor pressure of liquefied gas at the 
adsorbing temperature, V is the volume (at standard temperature and pressure, 
STP) of the gas adsorbed at pressure P, Vm is the volume of gas (at STP) required 
to form an adsorbed monomolecular layer, and C is a constant related to the 
energy of adsorption. From the surface area of one molecule adsorbed in the 
monolayer, the total surface area can be calculated. This is the BET surface area 
named after Brunauer, Emmett and Teller. Nitrogen is usually employed as the 
adsorbate, although argon or xenon can also be used. 
 
The surface area of the catalysts was determined by using Micromeritics TriStar 
3000 equipment. The solid samples were first degassed at 100 °C in a flow of 
nitrogen for approximately 4 h prior to measurements in order to remove any 
adsorbed moisture. The samples, in quartz tubes, were put into a bath of liquid 
nitrogen at 77 K. Nitrogen was introduced and the adsorption/desorption process 
was followed by measuring the amount of gas adsorbed or desorbed at various N2 
partial pressures. Analysis of the shape of the adsorption/desorption isotherms 
yields information about the surface and internal pore characteristics of the 
material.6 
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2.2.3 Determination of Acid Sites 
Adsorption of volatile basic gases, such as NH3, pyridine, n-butylamine or 
quinoline, can be used to measure the number of acid sites on solid catalysts. An 
excess of the base is adsorbed onto the sample, and physically adsorbed molecules 
are removed by helium gas flow. After this, those molecules remaining on the 
surface are considered to be chemically adsorbed. By measuring the amount of 
gas molecules remaining at the surface, the total amount of acid sites can be 
deduced. The acid strength distribution can be found by temperature programmed 
desorption (TPD) of the pre-adsorbed base by calculating the proportion of 
adsorbed base evacuated at various temperatures. 
 
Temperature programmed desorption was developed in 1963 by Canadian 
researchers Amenomiya and Cvetanovic,7 and is one of the most straightforward 
characterization methods in the study of heterogeneous catalysts.8 Compared with 
other analytical techniques, TPD provides information which is closely related to 
the catalytic properties and the reactions in real work. In a TPD measurement, a 
sample is first heated in a vacuum or helium atmosphere to remove contamination. 
Then, the sample is equilibrated with an adsorbing gas under well-defined 
conditions. It is submitted to a programmed temperature rise and the amount of 
desorbing gas is continuously monitored by a mass analyser. As the temperature 
rises, certain adsorbed species will obtain enough energy to escape from the 
surface and can be carried by helium and detected by the mass spectrometer. The 
temperature of the peak maximum provides information on the binding energy of 
the bound species.  
  
 
Figure 2.2 Schematic diagram of TPD9: G1, G2 pressure gauge, QMS 
quadruple mass spectrometer, S sample, TC1, TC2 thermocouples, TP 
temperature programmer, V1-V5 fine-metering values and V6 metal bellow 
valve 
A home-built TPD system was used in this study. The schematic diagram is 
shown in Fig. 2.2. For pretreatment, the sample was first heated at 600 °C under 
the flow of helium for 2 hours. After preheating, the sample was cooled to room 
temperature before introducing ammonia. After flushing with ammonia for 45 
minutes, helium was passed over the sample for 2 h to flush away any physically 
adsorbed ammonia. The sample was then heated at a constant heating rate of 
10 °C /min and the ammonia desorbed over a temperature range of 30 °C to 
600 °C was measured. The amount of ammonia desorbed corresponds to the 
number of acid sites on the surface.  Calibration of the ammonia signal was 
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carried out by injecting 250 μL of ammonia into the system and measuring the 
area of the signal peak. A value of 2.108×10-8 As/mmol was obtained for 
measurement conditions of pre-chamber pressure 2.5 mbar and high vacuum 
pressure 5×10-7 mbar. 
 
Ammonia TPD gives information on the number of basic molecules adsorbed on 
both Brønsted and Lewis acid sites. However, in those cases where only one of the 
two types of acid sites is catalytically active, the TPD results will not correlate 
with catalytic activity, unless the adsorption on the two sites is differentiated by 
spectroscopic techniques. 
 
Infrared (IR) and Raman spectroscopy have been used to determine acidity of 
solid catalysts by studying the adsorbed probe molecule. IR spectroscopy is a very 
powerful technique since it allows one to look directly at the hydroxyl groups 
present on a solid acid catalyst and consequently to see which of them can interact 
with basic molecules, Thus, Brønsted and Lewis acidic sites can be distinguished. 
In principle, the concentration of hydroxyl groups, and therefore the concentration 
of potential Brønsted acid sites, could be obtained from the intensity of the 
corresponding IR band. However, for quantitative estimation, the extinction 
coefficients of the different types of hydroxyls contributing to the IR band are 
required, and this is very seldom possible. 
 
The pioneering works of Parry and Basila10,11 showed that the adsorption of 
pyridine molecules (pKb~9) is able to simultaneously determine the concentration 
of Brønsted and Lewis acid sites. In Table 2.3, the IR frequencies of the bands 
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from pyridine adsorbed on Lewis and Brønsted acid sites are given. The 
adsorption of pyridine at Brønsted acid sites results in pyridinium ions, which 
appears at ~1540 and 1640 cm-l. Pyridine coordinated to Lewis acid sites shows 
vibration bands at ~1450 and 1620 cm-1. 
 
 








1400 - 1477 (v.s.) 1447 - 1460 (v.s.) 1485 - 1500 (vs) 
1485 - 1490 (w) 1488 - 1503 (v) 1540 (s) 
1580 - 1600 (s) ~1580 (v) 1620 (s) 
 1600 - 1633 (s) ~1640 (s) 
a) Band intensities: v.s. - very strong; s - strong; m-medium; w - weak; v - variable. 
 
The schematic diagram of the system for pyridine adsorption is shown in Fig. 2.3. 
The sample is pressed as a very thin wafer of 1cm Φ. It is placed in a Pyrex cell 
with NaCl windows. After degassing in vacuum (10-3 bar) at 300 °C for 1 h, the 
sample is cooled to room temperature and pyridine at 22 bar is introduced for 15 
min. The pyridine is then pumped off and the sample is degassed at room 
temperature for 1 h before the IR measurement.  The sample is then heated to 
100 °C for another hour under vacuum, cooled to room temperature and the IR 
spectrum measured again. Another measurement is taken after heating to 200 °C, 




Figure 2.3 System for IR study of pyridine adsorption9 
 
2.2.4 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
Atomic emission spectroscopy is an analytical method whereby the radiation 
emitted by excited atoms and monatomic ions is measured. Inductively Coupled 
Plasma (ICP) is a high-energy source that permits the excitation of most elements, 
both metals and nonmetals. The coupling of ICP with atomic emission 
spectroscopy (ICP-AES), a reproducible and very accurate analysis technique, is 
for all types of liquid and solid samples. The fluid sample is pumped into a 
nebuliser via the peristaltic pump. The nebuliser generates an aerosol mist and 
injects humidified Ar gas into a chamber along with the sample. The fine aerosol 
mist containing Ar gas and sample is injected vertically up the length of the torch 
assembly into the plasma. The plasma is viewed horizontally by an optical 
channel. Light emitted from the plasma is focused through a lens and passed 
through an entrance slit into the spectrometer.  
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Emission spectroscopy requires identification and selection of suitable analysis 
lines (wavelengths). Often, analysis lines of reasonable intensity and those with 
the least spectral interferences with the other elements present is chosen. ICP-AES 
usually gives linear calibration curves, thus making it possible to determine both 
high and (very) low concentrations. The average relative standard deviations for 
real samples are usually about 1 to 10 %. The accuracy of the analysis can be 
optimized by using blank solutions with a similar matrix as the samples to be 
determined. The background correction will then produce good results. The ICP-
AES detection limits vary from 1 to 100 ppb. These values are similar to the 
flame-AAS detection limits. ICP-AES provides the lowest detection limits for a 
number of high melting elements such as B and Ti.   
 
ICP-AES analysis was performed to determine the composition of the catalysts. A 
Thermo Jarrell Ash Duo Iris ICP-AES machine was used. Before analysis, sample 
preparation was necessary to convert all the solid catalyst to solution form. For 
zirconia-silica catalysts, 1-5 mg of solid sample was weighed out using the 
microbalance and was dissolved in 0.5 mL of 40 % HF. Neutralization of the acid 
was then done by adding boric acid (~3 g) in excess. 
 
2.2.5 Thermo-gravimetric Analysis (TGA) 
The analytical techniques used to study changes in physical properties with 
temperature are called thermal analysis. They include thermogravimetric analysis 
(TGA), differential thermal analysis (DTA), differential scanning calorimetry, etc.  
Thermogravimetric Analysis (TGA), or thermogravimetry, measures the mass 
(weight) of a sample in a specified atmosphere when the temperature of the 
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sample is changed. In the most common TGA experiment, the sample temperature 
is increased linearly over a time period and the mass of the sample is constantly 
recorded. The output from a TGA experiment is a plot of weight (or weight %) vs. 
temperature. The plot is called a thermal curve. The temperature at which the 
material loses (or gains) weight is determined. Loss of weight indicates 
decomposition or evaporation of the sample, while a gain in weight can indicate 
adsorption by the sample of a component in the atmosphere or a chemical reaction 
with the atmosphere. The thermodynamics, kinetics, reaction and mechanisms can 
be obtained when TGA results are combined with DTA or DSC.  
 
A TA SDT 2960 Double Beam Simultaneous DTA-TGA was used in this study. 
The measurement was performed as follows: before the temperature ramp, the 
sample was kept at 100 °C for 1 hour in an air flow (80 mL/min) in order to 
removing any physically absorbed water. Subsequently, the temperature was 
increased to 800 °C at 20 °C /min and the weight loss from 100 °C to 800 °C was 
used to calculate the concentration of hydroxyl groups on the catalysts.  
 
2.2.6 X-ray Photoelectron Spectroscopy 
X-ray Photoelectron Spectroscopy (XPS) was developed in the mid 1960s by K. 
Siegbahn and his research group. The phenomenon is based on the photoelectric 
effect outlined by Einstein in 1905 where the concept of the photon was used to 
describe the ejection of electrons from a surface when photons attacked on it. XPS 
provides quantitative compositional information from the top 10 atomic layers of 
a sample surface for the elements lithium to uranium. Furthermore, information 
regarding the chemical states of any elements present can also be obtained. 
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Therefore, XPS is a powerful analytical technique for studying catalyst structure. 
It can provide the information that shows the evidence for the distribution of tin in 
the catalyst and by investigating the shift of emission peaks, the chemical status of 
element, such as the environment around atoms and valence states, can also be 
known. The most commonly used X-rays for this analysis are MgKα (1254.6 eV) 
and AlKα (1486.6 eV).12 The XPS technique is highly surface specific due to the 
short range of the photoelectrons that are excited from the solid. The energy of the 
photoelectrons leaving the sample is determined using a CHA and this gives a 
spectrum with a series of photoelectron peaks. The binding energy of the peaks is 
characteristic of each element. The peak areas can be used (with appropriate 
sensitivity factors) to determine the composition of the materials surface. The 
shape of each peak and the binding energy can be slightly altered by the chemical 
state of the emitting atom. Hence XPS can provide chemical bonding information 
as well.  
 
In this measurement, the AXIS-His 165 Ultra spectrometer using an Al Kα X-ray 
source (1486.71 eV, 400 W) was employed. The pass energy is 20 eV. 
 
Table 2.4 Parameters of XPS measurements 
Element Scanning range (eV) Step (eV) Scan times Dwell (sec) 
C1s 284.00 ~299.00 0.05 3 0.1 
Ru3p3/2 462.00~477.00 0.05 10 0.1 
Co2p3/2 778.00~793.00 0.05 10 0.1 
Ce3d 880.00~900.00 0.05 10 0.1 
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Chapter Three 
Studies of Aerobic Catalytic Oxidation of Alcohols   
 
3.1 Introduction 
The aerobic oxidation of alcohols to aldehydes or ketones (Scheme 3.1) is 
considered the greenest reaction among the various types of oxidation because 
molecular oxygen has the highest oxygen content and oxygen is easily obtained 










Pure O2 or air  
Scheme 3.1 Catalytic aerobic oxidation of alcohols. R1, R2=alkyl, aryl, H 
 
It has been known for a long time that the aerobic oxidation of alcohols to their 
corresponding aldehydes and ketones can be promoted by using both 
homogeneous and heterogeneous catalysts. Suitable active metals include 
ruthenium and other group VIII metals like platinum or palladium which are used 
under mild conditions, such as low temperatures of 20 – 80 °C and atmospheric 
pressure.2 For heterogeneous oxidations an oxidative dehydrogenation mechanism 
has been proposed, in which the substrates are adsorbed and dehydrogenated on 
the metal surfaces. The adsorbed hydrogen atoms react with the dissociated 
oxygen atom on the catalyst surface.3,4 
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Ruthenium-based oxidation catalysis is a powerful and extremely versatile 
synthetic tool to afford selectively oxygenate products both in homogeneous and 
in heterogeneous conversion. Various ruthenium compounds, such as RuCl3, 
perruthenate or Ru complexes preferentially with salen, amine or phosphine 
ligands, have been used as homogeneous catalysts in catalytic oxidation 
reactions.5 Plietker6 reported that by adding the Brønsted-acids into the RuO4-
catalysed reaction system, the reaction rate of olefin hydroxylation was 
significantly accelerated. Ruthenium was active in the hydroxylation of alkanes 
and epoxidation of alkenes.7 Labinger8 reported that a ruthenium complex 
(TFPPCl8)Ru(CO), (TFPPCl8 = Octa-.beta.-chlorotetrakis (pentafluorophenyl) 
porphyrin), catalyzed the aerobic oxidation of olefins with O2 at room temperature. 
Cyclohexene was oxidized primarily at the allylic position while styrene was 
oxidized to benzaldehyde. 
 
Recently, ruthenium catalysts have been attracting attention in the field of alcohol 
oxidation. A combination of RuCl2(PPh3)3 (1 mol%) and 2,2’,6,6’-
tetramethylpiperidine N-oxyl (TEMPO, 3 mol%) was found to form an efficient 
catalytic system for the selective aerobic oxidation of various alcohols at 100 °C 
with 10 bar of O2/N2 (8/92, v/v).9 Kaneda10 reported a novel heterogeneous 
catalyst, Mg6Al2Ru0.5(OH)16CO3, in which the Ru cation was introduced into the 
hydroxyapatite framework. A zeolite-confined nanometer-sized RuO2 (RuO2-FAU) 
was also reported to be highly active in aerobic oxidation.11 The substitution of Fe 
for Ru and Cu in the ferrite spinel (MnFe2O4) gave a mixed oxide, 
MnFe1.5Ru0.35Cu0.15O4, which was an effective heterogeneous catalyst for the 
aerobic oxidation of alcohols.12 Another Ru hydrotalcite having Co cations (Ru-
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Mg-Al-CO3 HT)13  was also active in the oxidation of various kinds of alcohols. 
Mizuno and co-workers14 reported that the supported ruthenium, Ru(III)/Al2O3, 
was capable of oxidizing alcohols, diols and amines under aerobic conditions with 
high selectivity. An impressive range of alcohols from substituted benzyl to alkyl, 
allyl, and cycloalkyl alcohols were oxidized with high efficiency. With reaction 
times varying from 1 to 10 hours, the conversions were generally higher than 
80 % and the selectivity to the carbonyl products were in most cases better than 
99 %. Furthermore, unlike monomeric complexes of Ru and Pd, Ru/Al2O3 
successfully catalysed the oxidation of primary alcohols containing heteroatoms 
such as oxygen, sulfur and nitrogen to the corresponding aldehydes in high yields.  
 
For the aerobic oxidation of alcohols, the doping of the Ru catalysts with promoter 
metals such as Fe, Cu, Mn, Co, and Mo was also investigated.15 The Ru/Co and 
Ru/Mn catalysts supported on TiO2 led to an increase in the conversion of benzyl 
alcohol and 1-octanol in the oxidation with molecular oxygen. Ebitani and Ji12,16,17 
reported mixed metal oxides, which included Ru–Co(OH)2–CeO2 and RuMnMn 
immobilized on hydrotalcite (RuMn2/HT) They were active in the selective 
oxidation of alcohols to ketones and aldehydes. Some research found that the 
hydroxyl groups attached to the Ru atom are very important to the reaction.18,19 
The formation of a ruthenium alcoholate species by the ligand exchange of 
ruthenium hydroxide derivatives with alcohols is proposed to be a requirement for 
the selective oxidation of the primary hydroxyl groups. 
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In this chapter, Zr(OH)4-supported Ru catalysts and calcined tri-metallic Ru-Co-
Ce oxides are investigated for their activity in aerobic oxidation of a number of 
organic alcohols. In addition, the effects of supports were also investigated.  
3.2 Catalytic Testing 
The aerobic oxidation of alcohols was carried out under the following conditions. 
In a typical reaction, 2 mmol alcohol, 10 mL solvent and 300 mg catalyst were 
placed in a round-bottomed flask. Oxygen at 1 atm was bubbled into the reaction 
mixture, which was heated at 80 °C with stirring.  The selectivity and conversion 
were determined by gas chromatography (Agilent 6890N equipped with HP-5 
column and Flame Ionization Detector, (FID)) and the formed products were 
identified by gas chromatography-mass spectrometry (Shimadzu, GCMS-
QP5000). 
 
3.3 Results and Discussion 
3.3.1 Textural Properties of Zr(OH)4-supported Ru 
Table 3.1 shows the specific surface areas of pure Zr(OH)4, and Zr(OH)4 coated 
with various amounts of ruthenium. The surface area of 1-5 wt% Ru on Zr(OH)4 
were between 300 - 350 m2/g, which was rather similar to the pure Zr(OH)4. This 
could be due to the low loading of Ru which did not cause any pore blockage.  
The Zr(OH)4-supported samples show similar pore size distribution curves as the 
Zr(OH)4-support, with pores mainly below 12 nm diameter (Fig. 3.1). In 
comparison, MgO- and hydrotalcite-supported Ru samples have a wider range of 
pore sizes, from 5 nm to 40 nm. Only Ru supported on SBA-15 has a very narrow 
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Figure 3.1 N2 adsorption/desorption curves and pore volume distribution of 
supported Ru samples. 
Table 3.1 Textural properties of Zr(OH)4-supported catalysts 
Catalysts  Surface area (m2/g) Pore volume (mL/g) 
        Zr(OH)4 351 0.43 
        Ru/Zr-1-f 300 0.38 
        Ru/Zr-2.5-f 350 0.38 
        Ru/Zr-5-f 319 0.38 
        Ru/MgO-5-f 89 0.45 
        Ru/SBA-15-5-f 457 0.71 
        Ru/HT-5-f 73 0.61  
 
 














Figure 3.2 XRD of fresh Zr(OH)4-Ru samples. 
From the XRD diffractograms (Fig. 3.2), Zr(OH)4 and the uncalcined supported 
catalysts were amorphous. Zr(OH)4 is amorphous and its conversion to the 
crystalline form occurs only after calcination at 400 °C to 500 °C. XRD 
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measurements were carried out in a high-temperature oven for 5 wt.% Ru on 
Zr(OH)4 (Fig. 3.3). The sample remained amorphous when heated up to 300 °C. 
At 400 °C, Zr(OH)4 was transformed to ZrO2 and crystallized in the tetragonal 
form as indicated by broad peaks at 2θ ~ 30°, 34°, 50° and 57°. In addition, 
reflexes due to RuO2 could be seen at 2θ ~27° and 34° (which overlap with the 
tetragonal phase of ZrO2.  The tetragonal phase of ZrO2 remained with further 
increase in temperature to 500 °C. Upon cooling to 40 °C, the tetragonal phase of 
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Figure 3.3 In-situ XRD of 5%Ru/Zr(OH)4 calcined at different temperatures. 
* peak of RuO2 
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3.3.2 Textural Properties of RuCoCe mixed oxides 
The surface areas of trimetallic RuCoCe mixed oxides, dried at the 100 °C, are 
between 89 -140 m2/g (Table 3.2). As the Co content increased, the surface area 
increased to a maximum of 140 m2/g for RuCoCe-1-7-3 before decreasing to 
89 m2/g for RuCoCe-1-8-2-f. After calcination at 500 °C for 3 h, some loss in the 
surface area of the mixed oxides occurred.  However, both RuCoCe-1-6-4-c and 
RuCoCe-1-7-3-c still have rather high surface area at 110 m2/g. Except for 
RuCoCe-1-7-3-c, the pore volumes of the other samples either increased or 
remained constant after calcination. This is rather unusual and suggests that new 
pores are formed or that the sample is stable to pore collapse during calcination. 
The pore size distribution curves show that a shift to larger pore sizes for the 
calcined samples, indicating that the smaller pores had collapsed due to the high 
temperatures of calcination (Fig. 3.4).  
 
Table 3.2 Textural properties of mixed metallic oxide catalysts 
Catalysts Surface area (m2/g) Pore volume (mL/g) 
    RuCoCe-1-5-5 111 0.29 
    RuCoCe-1-6-4 128 0.32 
    RuCoCe-1-7-3 140 0.40 
    RuCoCe-1-8-2 89 0.18 
 RuCoCe-1-5-5-c 83 0.42 
 RuCoCe-1-6-4-c 110 0.38 
 RuCoCe-1-7-3-c 110 0.31 
 RuCoCe-1-8-2-c 65 0.17 
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Figure 3.4 N2 adsorption/desorption curves and pore size distribution of fresh and 
calcined RuCoCe mixed oxide samples  Calcination ramp: 10 °C/min. final temp: 




Temperature programmed reduction of RuCoCe mixed oxide samples was carried 
out (Fig. 3.5). Two reduction peaks were observed in the temperature range of 
100 °C to 450 °C. The first peak was at 150 °C - 200 °C while the second peak 
was above 300 °C. These two peaks shifted to higher temperature as the Co/Ce 
ratio increased. For RuCoCe-155, the minima in the peaks were at 150 °C and 
300 °C but for the RuCoCe-182, these were shifted to 180 °C and 400 °C. With 
increasing Co/Ce ratio, the amount of H2 taken up increased, reaching a maximum 
of 0.58 μmol/g for RuCoCe-1-7-3. 
 















Figure 3.5 TPR spectra of RuCoCe mixed oxides samples. Heating ramp: 
10 °C/min, to 500 °C. H2 : 5 ml/min, He: 45 ml/min. 
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 Table 3.3 TPR of RuCoCe oxides. 
Catalyst Sample weight Peak area H  absorbed 2
 
3.3.3 Catalytic Activity of Zr(OH)4-Supported Ru Samples 
Effect of Ru content 
Elemental analysis showed that the impregnated Ru contents are slightly lower 
than the expected values (Table 3.4). 
 
(mg) (As) (μmol/g)a
RuCoCe-1-5-5 0.2678 1.202×10-7 0.41 
RuCoCe-1-6-4 0.2640 1.255×10-7 0.43 
RuCoCe-1-7-3 0.2649 1.691×10-7 0.58 
RuCoCe-1-8-2 0.2943 1.758×10-7 0.54 
a Calibration: at 4.0×-7 mbar of inlet pressure, the area of 250 μl = 1.14E-9 As 


























 taken up during TPR of RuCoCe samples. Figure 3.6 Volume of H2
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 Table 3.4 ICP-AES results of Ru/Zr catalysts. 
Catalyst Measured Ru (wt%) Expected Ru (wt%) 
          Ru/Zr-1-f 0.67 1 
Ru/Zr-2.5-f 2.5 2.5 
          Ru/Zr-5-f 4.3 5 
 
The effect of Ru loading on the catalytic activity was tested for the oxidation of 
geraniol (Table 3.5). No oxidation occurred in the absence of the catalysts or over 
pure Zr(OH)4. These show that the presence of Ru as the active site on Zr(OH)4 is 
necessary for oxidation. With 1 wt. % Ru loading, the conversion was 43 % after 
6 h. Only citral was found as the product. Over 5 wt.% Ru, the conversion was 94 
%, with the selectivity to citral remaining at > 99 %. No other products, such as 
carboxylic acid or ether, were detected in the reactions. The initial reaction rates 
or turnover frequency (TOF in mol/molRu.h) were calculated from the mmol 
reactant converted after 30 min, the Ru loading and catalyst weight used. The 
initial TOFs of Ru/Zr-1-f, Ru/Zr-2.5-f and Ru/Zr-5-f are similar at 22 h-1 (Table 
3.5). The constant TOF shows the good dispersion of Ru up to 5 wt % loading. 
However, a plot of the conversion versus time shows that the final conversion 
over Ru/Zr-5-f is higher than other two lower Ru-loaded samples. This may be 
explained by a higher concentration of active sites on the catalyst surface 
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 Table 3.5 Aerobic oxidation of geraniol to citral over Zr(OH)4-supported Ru 
catalysts 
Catalysts Initial TOF a Conversion (%)b Selectivity (%)b
  Zr(OH)4 N/A N/A N/A 
  Ru/Zr-1-f 22 43 >99 
Ru/Zr-2.5-f 22 84 >99 
  Ru/Zr-5-f 21 94 >99 
Reaction conditions: 2 mmol geraniol, 10 ml toluene, at 80 ˚C, 1 atm O2, and 
300 mg catalyst.  a measured from conversion in first 30 min. b after 20 h. 
 




















Figure 3.7 Effect of Ru loading on oxidation of geraniol. Reaction conditions: 




Effect of supports 
The effect of supports was studied by loading 5 wt. % on a number of materials 
(Table 3.6). Ru/Zr(OH)4 is the most active catalyst for the oxidation of geraniol, 
with an initial rate of 22 h-1. The other supported catalysts showed a lower activity 
with initial rate of 2.1 to 4.1 h-1. Despite the low activity, the selectivity towards 
citral remained very high at >99 % for all the samples. The high activity of 
Ru/Zr(OH)4 may be due to a good dispersion of Ru on the support as well as due 
to the support itself. Ru/SBA-15 has a similarly large surface area as Ru/Zr(OH)4, 
but its activity is lower. Clearly, a high dispersion resulting from a large surface 
area is not the only reason for activity but rather the acidic or basic nature of the 
support may be important. The best activity seems to be over an amphoteric 
support like Zr(OH)4. SBA-15, being silica in nature, is at best a weak acid while 
MgO and hydrotalcite are strong bases. 
 
 
Table 3.6  Effect of support on the catalyst activity  
Catalysts Initial TOF a (h-1) Conversion (%)b Selectivity (%)b
Ru/Zr-5-f 22 94 >99 
Ru/MgO-5-f 2.1 35 >99 
Ru/SBA-15-5-f 4.1 87 >99 
Ru/HT-5-f 3.8 61 >99 
Reaction conditions: 2 mmol geraniol, 10 ml toluene, at 80 °C, 1 atm O2, and 





Effect of calcination temperature  
The fresh catalysts were calcined at different temperatures of 100 °C, 300 °C and 
500 °C for 3 hours. The effect on the catalytic oxidation of geraniol to citral was 
investigated (Fig. 3.8).  The catalyst activity declined as the calcination 
temperature increased. After 6 hours, the conversion over fresh catalyst, Ru/Zr-3-f, 
was 82 %, but the conversion over the 300 °C–calcined catalyst was only 40 %. 
The conversion over the 500 °C–calcined catalyst was even lower, ~5 %. 
 




















Figure 3.8 Effect of calcination temperature on catalytic activity of Ru/Zr-3 
catalyst. Reaction conditions: 2 mmol geraniol, 10 ml toluene, at 80 °C, 1 atm 
O2, and 300 mg catalyst. 
TGA measurements show that the sample continuously lost weight when heated 
from 100 °C to 800 °C (Fig. 3.9). In the first step from 100 °C to 350 °C, the 
weight loss is ~ 10 %. This corresponds to the loss of one mole of H2O per mole 
Ru/ZrO2. During heating, condensation of hydroxyl groups occurs as zirconium 
hydroxide transforms to zirconia. In the range of 350 °C to 800 °C, a smaller 
weight loss was observed, ~ 3 %.  
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Figure 3.9 TGA curve of Ru/Zr-3-f. Heating programme: isothermal at 
100 °C for 1 h, 10 °C/min to 800 °C in air. 
 
Table 3.7 Surface area and pore volume of the calcined Ru/ZS-3 
Catalyst Surface area (m2/g) Pore volume (mL/g) 
       Ru/Zr-3-f 351 0.38 
       Ru/Zr-3-c300 331 0.39 
       Ru/Zr-3-c500 42 0.13 
 
A loss in surface area could be a reason for the decreased activity (Table 3.7). The 
surface area of the fresh sample was 351 m2/g but after calcination at 500 °C, the 
surface area had decreased to only 42 m2/g. Besides a loss in surface area, heating 
results in a more dehydroxylated surface as the hydroxide changes to the oxide 
form. Surface hydroxyl groups have been suggested to be responsible for the 
adsorption of the alcohol reactants to the catalyst.14 These results show that both 
the surface hydroxyl groups and high surface areas affect the conversions. 
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Effect of solvents  
Kim20 found that in the racemisation of secondary alcohols over alumina-
supported ruthenium catalysts, the reaction was faster in nonpolar solvents than in 
polar ones. At 70 °C, the reaction hardly occurred in water or ethyl acetate. 
Therefore, to test the effect of solvents in aerobic oxidation, benzyl alcohol was 
chosen because it could be rapidly and fully converted to benzaldehyde in an hour 
when toluene was used as a solvent. Other solvents of greater polarity such as tert-
butanol, DMSO and THF were investigated.  
 
 
Table 3.8 Effect of solvent polarity on the catalytic activity of Ru/Zr-5-f for 
oxidation of benzyl alcohol 
 
As the polarity21 of solvents increased, the conversion decreased (Fig. 3.10). The 
decrease in activity with increasing polarity of the solvent may be due to a 
stronger interaction of the surface hydroxyl group with the solvent molecules. As 
a result, the solvent molecules block the active sites and hinder the adsorption of 
the reactant molecules. In highly polar DMSO, the conversion reached only 23 % 
after 100 min. In comparison, when toluene was used as solvent, 100 % 
Solvents Polarity Index 21 Conversion (%) b
     DMSO 7.2 23 
     THFa 4 37 
t-Butanol 3.9 56 
     Toluene 2.4 100 
a temperature is 60 °C, b conversion obtained after 100 min 
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conversion was achieved, and the selectivity for benzaldehyde from benzyl 
aldehyde was > 99 %.  The initial reaction rate in toluene was 12 h-1, which is 
about five times higher than in DMSO.  
 
 


























Figure 3.10 Effect of solvents on oxidation of benzyl alcohol. 
Reaction conditions: 2 mmol benzyl alcohol, 10 ml solvent, 80 °C, 1 atm O2, and 
300 mg Ru/Zr-5-f.  
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Effect of different substrates 
 
Table 3.9 Aerobic oxidation of different substrates using Ru/Zr-5-f as the catalyst. 
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Ru/Zr-5-f was tested for the oxidation of a variety of alcohols (Table 3.9). Benzyl 
alcohol (1) 1-phenylethanol (2), 8-bromo-1-naphthylmethanol (3), cinnamyl 
alcohol (4) and geraniol (5) were converted to the corresponding aldehydes with 
high selectivity, > 99 %. Benzyl alcohol was easiest to oxidize, requiring less than 
30 minutes to reach 100 % conversion. The oxidation of geraniol was slower, and 
a conversion of 95 % was obtained only after 24 h. However, the selectivity to 
citral was > 99 % (E/Z ratio is 8:2).   Secondary aliphatic alcohols were more 
difficult to oxidize than the benzylic alcohols. For example, after 6 h, the 
conversion of cyclohexanol (6) and menthol (7) to cyclohexanone and menthone 
was 64 % and 34 %, respectively. The selectivity of conversion was > 99 %. 
Primary aliphatic alcohols, such as n-hexanol (8) and n-butanol (9) also required 
24 hours for > 90 % conversion. The selectivity to hexanal and butanal, however, 
was only 10 %, and 40 %, respectively. The main side products were due to aldol 
condensation. For the oxidation of 1,4-butanediol (10), the products include 
tetrahydro-2-furanol, and butyrolactone. After 9.5 h reaction, the conversion of 
diol was ~ 71 %, and selectivity to these two products was > 99 %. The ratio of 
tetrahydro-2-furanol to butyrolactone was ~ 50:50.  
 
Reusability of catalysts 
The reusability of the catalyst, Ru/Zr-5-f, was investigated. After each run, the 
catalyst was first washed with toluene to remove any adsorbed reactant and 
product. This was followed by washing with 100 ml of 0.1 M NaOH and pure 
water. Finally, the catalyst was dried at 100 °C overnight before testing in another 
cycle. This basic washing aims to protect and recover the hydroxide groups which 
are important to the oxidation.  
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Figure 3.11 Reusability of Ru/Zr-5-f in the aerobic oxidation of benzyl alcohol  
Reaction conditions: 2 mmol benzyl alcohol, 10 ml solvent, at 80 °C, 1 atm O2, 
and 300 mg catalyst.  
 
The initial rate of reaction decreased after each cycle (Fig. 3.11).  However, 
complete conversion could be attained although a longer reaction time was 
required than for the fresh catalysts. Using the fresh Ru/Zr-5-f, full conversion 
was reached in 0.5 h. However, in the second run, 100 % conversion was achieved 
only after 2 hour, while in the third run, an even longer time, 6 h, was required. 
 
In order to check whether the coated Ru was stable on the surface of support, the 
catalyst was filtered hot from the reaction aliquot after 30 min. The other 
conditions were then continued without any catalyst. However, no further 
conversion was observed (Fig. 3.12). This shows that the impregnated Ru on 
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Zr(OH)4 was resistant to leaching. The loss in activity could be due to incomplete 
removal of adsorbed species blocking the active sites of the catalysts. The surface 
area and pore size distribution curves of the reused catalysts are shown in Table 
3.10 and Fig 3.13, respectively. Both the surface area and pore volume decreased 
after each cycle despite washing. The pore volume of fresh sample was 0.38 ml/g 
but decreased to 0.30 ml/g after three cycles of reaction. From the pore size 
distribution curves, pore of 6 nm or smaller are reduced in concentration after 
each cycle. Obviously, washing with solvents or NaOH solution does not appear 
to be adequate. While calcination at higher temperatures may lead to removal of 
the adsorbates, this will lead to loss of surface area and hydroxyl species so that 
the activity is affected. 
 





















Figure 3.12 Leaching test on Ru/Zr-5-f. Reaction conditions: 2 mmol benzyl 
alcohol, 10 ml solvent, at 80 ˚C, 1 atm O2, and 300 mg catalyst.  
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Figure 3.13 Pore size distribution of Ru/Zr-5-f after each cycle of reaction. 
 
Table 3.10 Surface area and pore volume of Ru/Zr-5-f after each cycle of oxidation of 
benzyl alcohol 
Cycle Surface area (m2/g) Pore volume (mL/g) 
1st cycle 319 0.38 
2nd cycle 240 0.34 
3rd cycle 213 0.30 
 
3.3.4 Catalytic Activity of Ru-Co-Ce Mixed Oxide Catalysts 
Effect of different calcination treatment 
The fresh Ru-Co-Ce mixed hydroxides were prepared following ref [1]. The fresh 
catalysts were then calcined at 500 °C using different heat ramps, and their 
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catalytic activities were compared in Fig. 3.14. It was found that the conversion 
and reaction rate were affected by the calcination programme.  
 




















 ramp 5 oC/min
 ramp 20 oC/min
 Ramp 10 oC/min
  
Figure 3.14 Effects of different calcination ramp on the oxidation of geraniol. 
Reaction condition: 2 mmol geraniol, 10 ml toluene, 80 °C, 1 atm O2 and 300 
mg of RuCoCe-1-5-5. Calcination condition: final temperature 500 °C, holding 
3 h in air. 
The calcined catalysts were at least twice as active as the uncalcined ones. The 
heat ramp programme to reach the final calcination temperature affected the 
activity of the catalysts. Using the oxidation of geraniol as a test reaction, the 
catalyst that had been calcined to 500 °C using a heat ramp of 5 °C/min or 
10 °C/min were more active than the sample that had been calcined using a faster 
heat ramp of 20 °C/min. The initial conversion via 5 °C/min calcination was 
slightly faster than over the catalyst calcined at 10 °C/min. However, the 
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conversion after 20 h was slightly lower at 76 % vs. 80 % for the 10 °C/min-
sample.  
 
A slower heat ramp of 5 °C/min or 10 °C/min resulted in a lowering of the surface 
area to 82 – 83 m2/g compared to 111 m2/g for the uncalcined sample (Table 3.11). 
However, the surface area and pore volume of the sample calcined with a ramp of 
20 °C/min were higher than the fresh sample. The faster evaporation of H2O 
inside the bulk oxide could result in the opening up of pores giving the higher 
surface area and pore volume.  The XRD patterns of these samples (Fig. 1.16) 
show that the fresh sample was largely amorphous with some sharp peaks of the 
precursor salts. However, after calcination, these peaks disappeared and broad 
peaks were formed. The sample calcined at 20 °C/min had sharper reflexes than 
those calcined at lower heating ramps, indicating the formation of bigger 
crystallites for the former.  
 
 
Table 3.11 Textural properties of RuCoCe-1-5-5-f catalyst calcined with different 
heating ramps. 
Catalyst Surface area (m2/g) Pore volume (mL/g) 
RuCoCe-1-5-5-f 111 0.29 
    ramp 5 °C/min 82 0.29 
ramp 10 °C/min 83 0.31 
ramp 20 °C/min 129 0.41 
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Figure 3.15 Pore size distribution curves of RuCoCe-1-5-5 calcined with 
different heat ramps. Calcination condition: final temperature 500 °C, holding 
3 h 
Table 3.12 Surface concentration determined by XPS for RuCoCe-1-5-5 





Ce  % Ru % Co % Ce 
3d 
Fresh 101 375 146 16.3 60.3 23.4 
273 394 228 26.3 46.7 27.0 5 °C/min 
173 355 177 24.5 50.4 25.1 10 °C/min 
162 327 159 25.2 50.3 24.5 20 °C/min 
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Figure 3.16 XRD of RuCoCe-1-5-5 calcined using different temperature ramps 
The surface concentration of Ru, Co and Ce were determined by XPS (Table 3.12). 
Although Ru 3d signal was more intense than Ru 3p3/2, the latter was used for 
quantification as the 3d peak of Ru overlaps with C 1s. Calibration factors of 1.5, 
6.8 and 2.2 were used for Ru, Co and Ce, respectively in order to convert from the 
raw areas to the normalized area. For RuCoCe-1-5-5, if the surface composition is 
unchanged from that of the bulk, the surface concentration (mol %) of Ru, Co and 
Ce is expected to be 9.1 %, 45.5 % and 45.5 %, respectively. However, the XPS 
results show that more Ru and Co were present at the surface of the fresh sample 
than expected from the bulk. After heating, the surface concentration of Ru 
increased from 16 % to ~ 25 % while Co decreased from 60 % to 46 – 50 %. The 
surface Ce concentration was only slightly increased upon calcination with the 
increase being bigger for samples heated subjected to heating rates of 5 °C/min 




Effect of catalyst composition  
The catalyst composition was varied by keeping the mole ratio of Ru to the other 
two elements (Co, Ce) at 1:10, and varying the Co and Ce composition (Table 
3.12). The effect of compositional change on the catalytic oxidation of geraniol 
was tested. Citral was the only product formed with the trans-isomer being 
predominant (Table 3.13). 
 
 
Table 3.13 ICP-AES results of Co/Ce ratio in RuCoCe catalysts. 
 
 
Ru/Co/Ce Ratio Catalyst 
Calculated Measured  
RuCoCe-155 1:5:5 1:4.2:4.2 
RuCoCe-164 1:6:4 1:6.2:3.5 
RuCoCe-173 1:7:3 1:6.7:2.6 
RuCoCe-182 1:8:2 1:7.7:1.9 
Table 3.14 Effect of catalyst composition on oxidation of geraniol 
Catalyst Conversion (%)a E/Z ratio Selectivity (%) 
RCC-1-5-5-c 80 9/1 >99 
RCC-1-6-4-c 84 9/1 >99 
RCC-1-7-3-c 72 9/1 >99 
RCC-1-8-2-c 55 9/1 >99 
Reaction condition: 2 mmol geraniol, 10 mL toluene, 80 °C, 1 atm O2 and 
300 mg catalyst  aafter 20 h 
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Figure 3.17 Effect of catalyst composition on the catalytic oxidation of 
geraniol. Reaction conditions: 2 mmol geraniol, 10 mL toluene, 80 °C, 
1 atm O2 and 300 mg catalyst. 
Increasing the Co content while decreasing the Ce led to a decrease in activity. 
The RuCoCe-1-6-4 obtained the highest conversion (86 % in 20 h). RuCoCe-1-5-
5 and RuCoCe-1-6-4 had high activity with conversion > 80 % after 20 h. 
however, the conversion over RuCoCe-1-8-2 was only 55 % (Fig 3.17). XPS 
studies on RuCoCe-1-8-2 showed that the surface concentration of Ru, Co and Ce 
was 21.6 %, 54.3 % and 18.1 %, respectively. These values differ from the 9.1 %, 
72.7 % and 24.1 % for the bulk Ru, Co and Ce in the mixed oxide. There is an 
enrichment of Ru and Ce at the surface with a depletion of Co compared to the 
bulk oxide. The surface concentration of Ru is lower than in RuCoCe-1-5-5 and 
this may be one of the reasons for the lower activity of RuCoCe-1-8-2. 
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Effective of Different Substrates 
The calcined RuCoCe-1-6-4 was tested for its activity in the oxidation of a 
number of alcohols with molecular oxygen (Table 3.15, Fig. 3.18). Benzyl alcohol 
(1), 4-methylbenzyl alcohol (2), and cinnamyl alcohol (3) were converted to the 
corresponding aldehydes with high selectivity, > 99 %. Benzyl alcohol and 4- 
methylbenzyl alcohol were easiest to oxidize, and the 100 % conversion could be 
obtained in less than 1 h. The oxidation of cinnamyl alcohol was slower, requiring 
20 h for 100 % conversion. Geraniol can be oxidized to citral with a conversion of 
85 % in 20 h. The selectivity to citral was higher than 99 %. (E/Z ratio is 9:1)   
Cyclohexanol (4) was oxidized to cyclohexanone rather slowly and only 35 % 
conversion was achieved after 3 h. Menthol (5) was oxidized to menthone with a 
conversion of 29 % in 3 h. However, despite the low conversion, the selectivity to 
the corresponding ketone was higher than 99 %. The conversion of geraniol, 
cyclohexanol and menthol reached a plateau at longer reaction times, with hardly 
any increase in conversion. This suggests that the catalyst is being poisoned by 
some adsorbate, possibly the products, so that no further reaction takes place once 
the active sites are blocked.  
















Figure 3.18 Aerobic oxidation of different substrates using RuCoCe-1-6-4-c. Reaction 
condition: 2 mmol geraniol, 10 mL toluene, 80 °C, 1 atm O2 , 300 mg catalyst. 
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 Table 3.15 Aerobic oxidation of different substrates using RCC-1-6-4-c as the 
catalyst. 
 













































Reaction condition: 2 mmol geraniol, 10 mL toluene, at 80 °C, 1 atm O2 and 300 




3.4 Discussion  
The highest activity of Zr(OH)4-supported Ru catalysts is obtained for uncalcined 
samples. With increasing calcination temperature, the catalyst becomes less active. 
This was found to be due to that the density of hydroxyl groups is reduced with 
calcinations and the loss of surface areas. Hydroxyl groups have been suggested to 
play a role in the oxidation reaction as they can undergo ligand exchange with the 
alcohols to form alkoxyl groups at the surface.22,23 As proposed in Scheme 1.4, a 
metal-alcoholate species is formed through ligand exchange between metal 
hydroxide and the alcohol. The alcoholate species undergoes β-hydride 
elimination to give the corresponding carbonyl compound and the metal hydride 
species which is subsequently reoxidised. 
 
The presence of Ru is necessary as no reaction occurs where only the support is 
used. An amphoteric support like Zr(OH)4 appears to give the best activity as 
compared to weakly acidic silica or basic MgO or hydrotalcite. High dispersions 
of Ru on the surface was obtained with loadings up to 5 wt. %. Although the 
activity of the supported Ru catalyst is high for benzylic and conjugated alcohols, 
the catalyst was not as active for primary or secondary alcohols or diols. A 
levelling of the conversion at longer reaction time indicated that the catalyst was 
poisoned, possibly by the reaction products. These were difficult to remove by 
mere washing with solvents. Despite its variable activity, depending on the 
substrate, no leaching of Ru was observed in a hot filtration test.  
 
In contrast to the Zr(OH)4-supported Ru catalysts, calcination increased the 
activity of RuCoCe mixed oxides. This suggests that hydroxyl groups are not 
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important. Instead, from XPS studies, calcination resulted in an enrichment of Ru 
at the surface as compared to the uncalcined sample.  A radical mechanism may 
responsible for the activity of these catalysts.24 The high oxidation state of the Ru 
arises from the Co component.25 After calcination, Ru(III) was converted to the 
Ru(V). In this case, the aerobic oxidation can be assumed to follow two sequential 
pathways: (i) ruthenium-catalyzed oxidation of the alcohol, and (ii) the oxidation 





















Scheme 3.2 Proposed radical mechanism for the Ru-catalyzed aerobic 
id i f l h l R R lk l l H
 
Cerium serves as the bridge that transfers oxygen to Ru site via the connection 
Ru-O-Ce.18 It has been well known that the Ce component activates molecular 
oxygen based on the following reversible redox reaction (Equation 3.4).  
 
22 2




1) The catalyst of Zr(OH)4 coated with 5 % Ru showed good activity for the 
aerobic oxidation of benzylic and α,β-unsaturated alcohols. Benzyl alcohol 
and cinnamyl alcohol were converted to the aldehydes with 100 % 
conversion and > 99 % selectivity. Although of aliphatic alcohol could be 
oxidized, the selectivity to the aldehyde was low as aldol conversation of 
products occurred.  
 
2) The calcined RuCoCe trimetallic oxides can also oxidize various alcohols 
with good selectivity. A mole ratio of Ru:Co:Ce of 1:6:4 gave the best 
activity. The samples retained their surface area and porosity even after 
calcination. XPS studies showed that the surface of these oxides are 
enriched in Ru and Co. Depending on the composition, the cerium 
concentration could be slightly higher or lower than expected.  
 
3) The supported Ru catalyst was more active than the mixed RuCoCe oxides, 
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Studies of Oppenauer Oxidation 
 
4.1 Introduction 
The Oppenauer oxidation of alcohols is considered to be a highly selective reaction 
for the oxidation of alcohols to aldehydes and ketones. Other reducible groups such as 
C=C double bonds and C–halogen bonds, which may be present in the molecules, are 
not oxidized. Furthermore, over-oxidation of alcohols to carboxylic acid does not 
occur. In Oppenauer oxidations, a ketone or aldehyde is the oxidant or H-acceptor. It 
is generally accepted that both the homogeneously and heterogeneously catalyzed the 
Oppenauer reaction proceed via a transition-state complex in which the carbonyl 
group and the alcohol are both coordinated to a Lewis acid metal center and 





























Usually, aluminium tert-butoxides and aluminium 2-propoxides are widely used for 
Oppenauer oxidations. Other Lewis acid metals such as La or Zr in the form of 
alkoxide have been used as homogeneous catalysts for Oppenauer reaction.2-4 Various 
heterogeneous catalysts, such as hydrous zirconia5-7, MgO8, Al2O3 9 and hydrotalcite9 
have been reported to catalyze the Oppenauer oxidation of alcohols to aldehyde with 
moderate activity. Although Oppenauer reaction has high selectivity, some side 
reactions may occur in the oxidation of primary alcohols.7 Aldol condensation can 
take place when the aldehydes, which are formed from the oxidation of primary 
alcohols, have a α-hydrogen.  
 
The oxidants used in Oppenauer oxidation are usually carbonyl compounds with high 
oxidation potentials such as aromatic and aliphatic aldehydes. Although acetone has 
low oxidation potential, it has been used in Oppenauer oxidation because it is 
inexpensive and can be used in large excess to push the equilibrium towards the 
reaction product. 5,6,10  p-Benzoquinone and benzophenone are also active as oxidants 
in the Oppenauer reaction but their working temperatures are high (>300 °C).4,6 The 
high temperature can cause side reactions, such as the aldol condensation and 
decomposition. Furfural has a lower boiling point (162 °C), and was found to be 
active for both the homogeneous11 and heterogeneous12 Oppenauer oxidations. Hence, 
the reactions could be carried out under milder conditions. The aim in this work is to 
prepare a series of Zr(OH)4-supported silica catalysts and test them for their activity 
as catalysts for Oppenauer oxidation. Previous work carried out using Zr(OH)4 and 
silica incorporated into the bulk zirconium hydroxide has shown the latter to be more 
active. The role of silicon in promoting the activity is as yet unknown. 
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4.2 Catalytic Testing 
The Oppenauer oxidation of alcohols was typically carried out as follows. The 
reaction mixture containing 1.08 mmol substrate, 1.08 mmol oxidant, 5 mL toluene as 
solvent, 1.08 mmol of m-xylene as internal standard, and 100 mg catalyst was heated 
under reflux (110 °C) with stirring. Aliquots were removed at different time intervals 
and analyzed by gas chromatography (Agilent 6890N equipped with HP-5 column 
and FID) and the formed products were identified by gas chromatography-mass 
spectrometry (Shimadzu GCMS-QP5000). In addition, the use of acetone as an 
oxidant was investigated, and in this case, no toluene was used. Instead, 10 mL 
acetone acted as both solvent and oxidant.  
 
4.3 Results  
4.3.1 Textural Properties 
Elemental analysis by ICP shows that the silicon content was slightly higher, ~ 10 %, 
than the expected values except for ZS-20-f (Table 4.1). 
 
                  Table 4.1 Elemental analysis of ZS-x-f catalysts 




ZS-10-f 10 11.7 
ZS-20-f 20 14.2 
ZS-30-f 30 32.7 
ZS-40-f 40 45.4 
ZS-50-f 50 54.2 
The textural properties of the pure Zr(OH)4 and silica-coated Zr(OH)4 are given in the 
Table 4.2 and Fig. 4.1. The surface area of the silica-coated samples were generally 
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higher than the Zr(OH)4-support. The surface area of Zr(OH)4 was 340 m2/g but 
increased to 432 m2/g for ZS-30-f, which had the highest surface area. For Si content 
higher than 30 mol %, the surface area of the samples decreased and was only 
344 m2/g for ZS-50-f. In contrast to the surface area, the pore volume of these 
samples increased continuously, from 0.44 mL/g in Zr(OH)4 to 0.95 mL/g in ZS-50-f. 
In Zr(OH)4, a range of pore sizes from micropores to pores below 20 nm were 
observed. Increasing the silicon content did not significantly change the distribution 
of micropores but led to the formation of bigger pores so that in ZS-50-f, pores up to 




ZS-50-f 344 0.95 
ZS-30-f 432 0.78 
ZS-40-f 402 0.84 
0.67 ZS-20-f  415 
ZS-10-f 404 0.70 
Zr(OH)4 351 0.44 
Catalyst Surface area (m2/g) Pore volume (mL/g) 
Table 4.2 Textural properties of silica-coated Zr(OH)4
The silica was coated via heterogeneous nucleation and deposition onto Zr(OH)4.13 
Tetraethylorthosilicate (TEOS) is deposited via reaction of the ethoxy species with the 
hydroxyl groups on the surface of Zr(OH)4 (Scheme 4.2). In the presence of water, the 
free ethoxy groups on the bound silicon species can undergo hydrolysis to form 
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hydroxyls, which in turn can react with more TEOS molecules. In this way, 
nucleation of SiO2 can occur on the surface of Zr(OH)4. 
 























































































































Figure 4.1 N2 adsorption/desorption curves and pore size distributions of 


















Scheme 4.2 Deposition of Si on the Zr(OH)4 via heterogeneous nucleation. 
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Figure 4.2 XRD of uncalcined Zr(OH)4-supported silica catalysts 
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From powder X-ray diffractometry, the uncalcined silica/Zr(OH)4 samples were 
amorphous (Fig. 4.2). The hydroxides do not have regular crystalline structures. After 
calcination to 500 °C, only ZrO2 and ZS-10-c500 became crystalline, forming the 
tetragonal phase (Fig. 4.3). Samples with Si content of 20 mol % or higher remained 
amorphous despite being calcined to high temperatures. This is because the presence 
of silicon or any other heteroatom can retard the crystallization of ZrO2.   
 
 






















4.3.2 Acidic Property of Zr(OH)4-Supported Silica Catalysts 
 
















Figure 4.4 Ammonia TPD spectra of Zr(OH)4-supported silica samples. 
Zr(OH)4 has both basic and acidic properties. By depositing Si onto it, the acidic/basic 
sites are affected. Ammonia TPD was employed to monitor the change in the 
acid/base balance and to measure the density of acidic sites on the catalysts (Fig. 4.4). 
The ammonia desorption curve of pure Zr(OH)4 was broad and ranged from room 
temperature to around 450 °C. With silica deposition, the profile of the curves shifted 
to lower temperatures and the width of peaks became narrower. A low temperature 
peak centered at 120 °C was observed. The results show that stronger acid sites were 
decreased upon silicon deposition. At the same time, new sites of lower acidity were 
generated. The density of the acidic sites was calculated from the amount of ammonia 
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desorbed per g catalyst. On ZS-10-f and ZS-20-f, less acidic sites were present than 
on Zr(OH)4 (Fig 4.5). However, with Si loadings of ≥ 30 mol %, an increase in the 
density of acidic sites occurred so that ZS-50 had about twice the amount of acidic 
sites than pure Zr(OH)4.   
 
Figure 4.5 Density of acidic sites on Zr(OH)4-supported silica samples. 




























In Oppenauer oxidation, only Lewis acid sites are catalytically active.14 However, the 
TPD results cannot distinguish between Lewis and Brønsted acidity, except to reveal 
the range of acidity. However, adsorption on these two types of acid sites can be 
differentiated by IR of pyridine adsorption.15 In the pure Zr(OH)4, only Lewis acidity 
was found (Fig. 4.6) This is indicated by absorption peaks at ~ 1440 cm-1 and 
1620 cm-1. As the silicon content increased, Brønsted (~1540, 1640 cm-1) acidic sites 
appeared and increased with higher silicon content. ZS-50-f, with 50 mol % silicon, 
showed very prominent absorption bands due to absorption by the pyridinium ion. 
Hence, from the IR and TPD results, it can be concluded that the weak acid sites 















Figure 4.6 Pyridine absorption IR spectra of Zr(OH)4-supported 
silica samples after evacuating at 100 °C for 1 h. 
 
4.3.3 Thermo-gravimetric Analysis (TGA) 
Upon heating from 100 °C to 600 °C, the zirconia-silica samples show continuously 
lost weight. The main weight loss occurred from 150 - 200 °C (Fig. 4.7). The weight 
loss can be attributed to the irreversible removal of hydroxyl groups from the samples. 
ZS-10-f lost 8.6 wt. % on heating to 600 °C while ZS-30-f had the largest weight loss 
of 11.4 wt. %. However, ZS-50-f had a weight loss of only 9.25 wt. %; showing that 
there are less hydroxyl group in this sample as compared to the rest of the samples 
(Table 4.3). The amount of water associated with each sample is in the order of 0.97 – 
0.70. Samples with ≤ 30 mol % Si had higher water content than those with higher Si. 
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Figure 4.7 TGA curves of Zr(OH)4-silica samples. 
 
 





ZS-20 10.0 Zr0.8Si0.2 O2·0.88H2O
ZS-30 11.4 Zr0.7Si0.3 O2·0.97H2O
Zs-40 10.1 Zr0.6Si0.4 O2·0.82H2O




4.3.4 Catalytic Activity  
Effects of H-acceptors 
Different H-acceptors were investigated. Acetone, in large excess, is commonly used 
as the H-acceptor in homogeneous Oppenauer oxidation. However, no conversion was 
observed after 6 h when it was used for the oxidation of benzyl alcohol. This could be 
due to the low reaction temperature (56 °C). Benzaldehyde was tested as the H-
acceptor in the oxidation of 4-methylbenzyl alcohol with toluene as the solvent. The 
reaction was carried out at 110 °C. Despite the higher temperature, the conversion 
over ZS-10-f was lower than 2.5 % after 6 h. Furfural was found to be more active 
than benzaldehyde. After 6 h reaction, the conversion of 4-methylbenzyl alcohol to 
the aldehyde was above 50 %.  
 
Effects of catalysts 
After identifying the most effective H-acceptor, 4-methylbenzyl alcohol was used as 
the substrate to evaluate the effect of silica on the catalysts. The initial rate of reaction 
after 30 min and the conversion after 20 h were used as the basis of comparison 
(Table 4.4). ZS-30-f was the most active catalyst of the series, followed by ZS-20-f. 
After 20 h, conversions of 65 ~ 66 % were obtained. Over Zr(OH)4, the initial rate of 
reaction was 3.7mmol/g·h. For the ZS-10-f and ZS-20-f, the initial rates were higher, 
5.3 and 5.9mmol/g·h, respectively. ZS-30-f has the highest initial rate, 7.6 mmol/g·h, 
which is ~ twice that of pure Zr(OH)4. However, increased silica beyond 30 mol % 
adversely affected the reaction. The rate of reaction was very slow over ZS-50-f and 
after 20 h, the conversion was only 23 % (Fig. 4.8). Despite the range of activity, the 
selectivity to 4-methyl benzaldehyde was > 99 % for all the catalysts. 
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 Table 4.4 Oppenauer oxidation of 4-methylbenzyl alcohol over Zr(OH)4-supported 
silica samples  
Catalysts  Initial ratea 
(mmol/g·h) 
Conversion (%)b Selectivity (%)b
Zr(OH)4 3.7 53 >99 
ZS-10-f 5.3 54 >99 
ZS-20-f 5.9 65 >99 
ZS-30-f 7.6 66 >99 
ZS-40-f 5.8 53 >99 
ZS-50-f 0.7 23 >99 
Reaction conditions: 1.08 mmol 4-methyl benzyl alcohol, 1.08 mmol furfural, 5 mL 
toluene, 110 °C, 100 mg catalyst. awithin 30 min, bafter 20 h reaction. 
 

























Figure 4.8  Oppenauer oxidation of 4-methylbenzyl alcohol over silica-coated 
Zr(OH)4 catalysts. 
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Effect of calcination temperature 
To test the effect of calcination, the catalyst, ZS-30-f, was calcined at different 
temperatures of 100 °C, 300 °C and 500 °C for 3 h. The catalyst activity declined as 
the calcination temperature increased (Fig. 4.9). After 6 h, the conversion of 4-
methylbenzyl alcohol over the 100 °C-dried catalyst was 61 %. However, the 
conversion decreased to 49 % and 40 % for the 300 °C- and 500 °C-dried samples. 
The loss in the activity can be explained by the reduced surface areas of the samples 
(Table 4.5). After being calcined at 500 °C, the surface area was only 61 % that of the 
fresh sample and correspondingly, the conversion reduced to 65 % that of the fresh 
sample. The total pore volume was reduced upon calcination and the pores remaining 
fall in a narrower range than before calcination (Fig. 4.10). However, the loss of 
smaller or bigger-sized pores is not expected to be responsible for the lower activity. 
Rather, the reduction in surface area after calcination reduces the number of hydroxyl 
groups at the surface. The hydroxyl group is important for the Oppenauer oxidation as 
the alcohol reactant undergoes ligand exchange with it in order to bind to the catalytic 
site.8 From the conversion vs. time plots, the initial rate of reaction differed only 
slightly but the difference in the conversion over time was more pronounced. The 
levelling of the conversion at longer times indicates that the catalyst was being 







Table 4.5 Textural properties of ZS-30 after different calcination temperatures 
Catalysts Surface area (m2/g) Pore volume (mL/g) 
        ZS-30-f 432 0.78 
ZS-30-C300 319 0.58 
ZS-30-C500 264 0.48 






















Figure 4.9 Effect of calcination temperature in the Oppenauer oxidation of 4-
methylbenzyl alcohol. 
Reaction conditions: 1.08 mmol 4-methyl benzyl alcohol, 1.08 mmol furfural, 5 
mL toluene, 110 °C, 100 mg catalyst 
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A v e r a g e  D i a m e t e r ( n m )
ZS-30-C500
 
Figure 4.10 Pore size distribution of ZS-30 after different calcination 
temperatures. 
 
Effect of oxidant to substrate ratio 
The amount of furfural to 4-methylbenzyl alcohol was changed in order to study its 
effect on the conversion. Increasingly the furfural/4-methylbenzyl alcohol ratio from 
stoichiometric to threefold excess did not significantly affect the conversion measured 
after 6 h (Fig. 4.11). Very similar conversions were measured over time. Therefore, 
adding excess amount of H-acceptor did not increase the rate of reaction. This could 
be due to strong adsorption of the furfural to the active sites so that increasing its 
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concentration in the reaction mixture did not affect the rate of reaction. This is 
supported by the rather low rate of reaction at longer time suggesting a poisoning 
effect, possibly due to strong adsorption of either the reactants or products. 
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Figure 4.11 Effect of varying ratios of furfural/4-methylbenzyl alcohol in the 
Oppenauer oxidation. 
Reaction conditions: 1.08 mmol 4-methylbenzyl alcohol, 5 mL toluene, 110˚C, 
100 mg ZS-10-f 
Oppenauer oxidation of different substrates 
The oxidations of different alcohols were carried out using furfural as the H-acceptor  
(Fig. 4.12). Different reactivities were observed. The Oppenauer oxidation of benzylic 
and allylic alcohols was much easier than that of aliphatic alcohols. For instance, 
cinnamyl alcohol and 1-phenylethanol were efficiently converted to the 
cinnamaldehyde, and acetophenone with conversions of 81 % and 76 %, respectively 
(Table 4.6). The presence of a conjugated double bond in cinnamaldehyde activates 
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the reaction as benzyl alcohol and 4-methyl benzyl alcohol had higher conversion. 
However, the conversions of n-hexanol and cyclohexanol were only 15 % and 21%, 
respectively. The higher activity of benzylic and allylic alcohol could be due to the 
delocalization effect. Upon formation of the alkoxide species between the alcohol and 
the surface hydroxyl groups, the presence of the aromatic ring/double bond adjacent 
to the hydroxyl group in the alcohol facilitates electron delocalization within the 
compound. This, in turn, stabilizes the intermediate alkoxide species, thereby driving 
the reaction to its products.  
  























Figure 4.12 Oppenauer oxidation of various alcohols using furfural as oxidant. 
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 Table 4.6 Oppenauer Oxidation of Various Alcohols


























Reaction conditions: 1.08 mmol alcohol, 1.08 mmol furfural, 5 ml toluene, 100 mg 
catalyst (ZS-30-f).  
aafter 20 h 
 
Reusability of Catalysts 
 The reusability of the most active catalyst, ZS-30-f, was investigated by repeating the 
use of the catalyst for three cycles. Before each reuse, the catalyst was first washed 
with toluene. This was to remove any adsorbed reactants and products. After washing 
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with toluene, the catalyst was further washed with 0.1 M NaOH solution. The results 
are shown in the Fig. 4.13. The fresh catalyst had a higher activity than the reused 
catalysts. The conversion after 20 h decreased from about 65 % to ~ 44 %. However, 
the activity of the used catalysts was very similar, independent of the number of 
cycles. To investigate the cause of the drop inactivity, the used catalysts were 
measured for its textural properties.  The surface area and pore volume of the used 
catalysts were significantly lower than the fresh one (Table 4.7). The pore size 
distribution curves showed that pores of 5 nm are smaller were reduced in density 
(Fig. 4.14). This indicates that pore blockage occurred during the reaction, leading to 
loss in access to active sites and hence lower activity. To regain the activity, it would 
be necessary to recalcine the sample to higher temperatures to pyrolyse any organic 
residues. However, this would also irreversibly transform the hydrous oxide to the 


























Figure 4.13 Comparison of reusability of ZS-30-f in Oppenauer oxidation.  
Reaction conditions:1.08 mmol 4-methylbenzyl alcohol, 1.08 mmol furfural, 5mL 
toluene, and 100 mg ZS-30-f 
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Figure 4.14  Pore size distribution of ZS-30-f after reuse in Oppenauer oxidation 
of 4-methylbenzyl alcohol. 
 
 
Table 4.7 Textural properties of used ZS-30-f catalyst. 
Surface area (m2/g) Pore volume (mL/g) Catalysts 
ZS-30-f 432 0.78 
2nd cycle 210 0.47 
3rd cycle 234 0.50 
 
4.4 Discussion  
The Zr(OH)4-supported silica samples are active in Oppenauer oxidation of a number 
of alcohols. Furfural was found to be a better H-acceptor than benzaldehyde or 
acetone. Silicon could be deposited onto Zr(OH)4 by refluxing an ammoniacal 
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solution of TEOS containing Zr(OH)4 precipitate. The loading of Si was within the 
expected limit. Silicon loadings below 20 mol % decreased the density of acid sites 
but higher Si loadings resulted in the formation of more acid sites. These newly 
formed acid sites were identified to be Brønsted in nature. However, the acid strength 
was very weak as ammonia desorption occurred below 200 °C. These sites can be 
identified with Si(OH)4 species. Besides the generation of new weak acid sites, the 
surface coverage of silica removed the stronger acid sites which are responsible for 
ammonia desorption above 300 °C.  
 
A loading of 30 mol % Si on Zr(OH)4 gave the best activity for the Oppenauer 
oxidation. The oxidation of allylic and benzylic alcohols was more facile than 
aliphatic alcohols (cyclohexanol, n-hexanol). In particular, cinnamyl alcohol was 
oxidised with high conversion and selectivity to cinnamaldehyde. The reaction 
mechanism for Oppenauer oxidation involves the formation of an alkoxide species 
between the alcohol and the surface hydroxyl group. The presence of a double bond 
adjacent to the hydroxyl group facilitates the formation of the alkoxide species due to 
electron delocalization, leading to a faster rate. Calcining the catalyst to higher 
temperatures removes the hydroxyl groups and consequently, the rate of reaction is 
decreased. Hence, the best catalyst to use is one with a high density of hydroxyl 
groups which can undergo ligand exchange easily with the alcohols. 
  
Poisoning of the catalyst was apparent from the levelling of the conversion at longer 
reaction times. Strong adsorption of reactant or product molecules is possibly a cause 
of the poisoning. This is apparent from lack of increase in the reaction rate when a 
higher concentration of furfural was used in the reaction.  
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4.5 Conclusion 
Furfural was found to be an efficient oxidant in the Oppenauer oxidation of benzylic 
and allylic alcohols. The most active Zr(OH)4 supported-silica catalyst was the fresh 
catalyst without calcination. An intermediate loading of 30 mol % Si gave the highest 
activity. The deposition of silica increased the surface area of the mixed oxides but 
changed the density and strength of the acid sites at the surface. Weak Brønsted acid 
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Chapter Five  
Studies of Oxidation by tert-Butyl hydroperoxide (TBHP) 
 
5.1 Introduction 
tert-Butyl hydroperoxide (TBHP) is the compound with the second highest active 
oxygen content after H2O2.1 Like H2O2, TBHP is readily available and relatively 
cheap. One advantage of TBHP for organic synthesis is its reduced sensitivity to 
metal contamination, which results in much safer handling compared with H2O2 or 
percarboxylic acids. It is completely miscible with nonpolar solvents like toluene 
and the by-product formed after oxidation, tert-butanol, is easily removed by 
distillation.2 TBHP is widely used in Sharpless asymmetric epoxidations of allylic 
alcohols to the corresponding epoxides.3,4 However, despite its advantages, there 
are less reports in the literature of other applications of  TBHP. 
 
Various homogeneous catalysts, such as Ti(O-i-Pr)4, Zr-(tert-Bu)4, Zr(O-n-Pr)4, 
VO(acac)2 and RuCl2(Ph)2 have been used to promote the TBHP oxidation.5-8  It 
was found that the oxidation of alcohols by TBHP to their corresponding 
aldehydes or ketones occurred remarkably fast and the selectivity was satisfactory. 
However, water was formed due to dehydrogenation of the alcohol and this can 
decompose the catalyst by hydrolysis. Therefore, it was necessary to add some 
activated molecular sieves to trap traces of water. Some heterogeneous catalysts, 
such as supported vanadium and zeolites, can also promote the TBHP oxidation, 
but the selectivity is poor. Alcohols were over-oxidized to the acids and there 
were instances where the carbon chain was decomposed.3,9,10  
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In this chapter, the oxidation of alcohols via TBHP is investigated and compared 
with Oppenauer oxidation using the same catalysts, Zr(OH)4-supported silica 
samples. Zirconium alkoxides especially Zr(t-BuO)4, have been reported to be 
highly active catalysts in the homogeneous phase for the oxidation by TBHP. Use 
of zirconium hydroxide as a heterogeneous catalyst would allow ease of handling 
and insensitivity to any water that is formed in the reaction.  
 
5.2 Catalytic Testing 
The oxidation of alcohols using tert-butyl hydroperoxide (TBHP) was carried out 
in a batchwise mode. The reaction mixture contained 1.08 mmol substrate, 1.08 
mmol oxidant (tert-butyl hydroperoxide, Fluka), 5 mL toluene as solvent, 1.08 
mmol m-xylene as internal standard and 100 mg catalyst. The reaction was carried 
out in 50 mL round bottomed flask at 110 °C under reflux with stirring. The 
products were identified on the basis of the retention time by comparing with gas 
chromatograms of authentic samples (Agilent 6890N with HP-5 column and FID) 
and by GC-MS analysis (Shimadzu, GCMS-QP5000). 
 
5.3 Results  
Effect of silica  
The Zr(OH)4 catalysts with different coated Si contents were tested for the 
oxidation of benzyl alcohol. A blank experiment was carried out in the absence of 
any catalyst. Although some benzyl alcohol was oxidized, the conversion was 
only 10 % after 2 h reaction. When the catalyst was added into the system, a 
higher conversion was obtained. Over pure Zr(OH)4, a conversion of 75 % was 
obtained after 2 h. The activity of the catalyst increased with higher silica content 
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and for ZS-20-f, the conversion after 2 h was 88 %. Samples with higher silicon 
content were less active. The conversion over ZS-50-f fell to only 25 %. For all 
the catalysts, the only product obtained was benzaldehyde, showing the high 
selectivity of the oxidation reaction. The conversion vs. time plots show that the 
reaction first proceeded at a very fast rate but after 30 min, the conversion 
increased slowly. This leveling-off of the conversion was especially pronounced 
for catalysts with 10 - 30 mol % Si.  
 
 





No catalyst --- 10 > 99 
Zr(OH)4 29 75 > 99 
ZS-10-f 32 78 > 99 
ZS-20-f 35 88 > 99 
ZS-30-f 33 79 > 99 
ZS-40-f 17 59 > 99 
ZS-50-f 5 25 > 99 
Reaction conditions: 1.08 mmol benzyl alcohol, 1.08 mmol TBHP, 5 ml 
toluene, 100 mg catalyst, temperature 110 °C 






















 ZS-20-f  ZS-30-f  ZS-40-f
 ZS-50-f
 Zr(OH)4  ZS-10-f
 
Figure 5.1 Oxidation of benzyl alcohol by TBHP over Zr(OH)4 –silica 
catalysts. 
Effect of TBHP/substrate ratio 
The relationship between conversion and the ratio of TBHP to substrate was 
investigated. Different mole ratios of TBHP:alcohol (1:1, 2:1, 3:1) are tested. 
Despite an increase of the oxidant to substrate ratio, the conversion curves 
remained rather similar (Fig. 5.2). The initial rate of reaction for these three 
reactions are rather similar, ~ 30 mmol/g·h. The selectivity, measured after 4 h, 
was > 99.5 % for the stoichiometric mixture but was only 55 % for the 3:1 
mixture. The by-product is the corresponding acid. The limiting conversion at 
longer time suggests that the reaction sites are poisoned or blocked so that the rate 
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of reaction slowed down. The blockage could be due to both TBHP and/or the 
products. A similar effect was also observed in the Oppenauer oxidation.  
 
 
Table 5.2 Effect of TBHP:benzyl alcohol ratio on the conversion 
and selectivity of the reaction.  
TBHP/alcohol Conversion (%)a Selectivity (%)a
1:1 77.4 >99.5 
2:1 82 75 
3:1 82 55 
aat 4 h 



















Figure 5.2 Effect of TBHP:benzyl alcohol ratio on the oxidation of benzyl 
alcohol. Reaction conditions: 1.08 mmol benzyl alcohol, 5 ml toluene, 100 mg 
ZS-10-f, temperature 110 °C,  
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Effect of calcination temperature  
The Zr(OH)4-supported silica sample, ZS-20-f, was calcined to temperatures 
ranging from 100 °C to 500 °C and tested for their catalytic activity in the 
oxidation of benzyl alcohol (Fig. 5.3).  The conversion over the 100 °C-dried 
sample was 93 % but this decreased to 62 % over the 300 °C-sample. A further 
decrease to 43 % was measured over the 500 °C-sample. The decrease in activity 
can only be partly explained by a loss in surface area especially for the 500 °C- 
sample (Table 5.3). The lower conversion over the 300 °C-sample parallels the 
smaller surface area of the catalyst. However, the surface area of the 500 °C-
sample was 56 % that of the 100 °C-sample but the decrease in conversion was 
more drastic, 46 %. There could be additional factors such as the loss of surface 
hydroxyl groups which undergo ligand exchange with the reactants. Even if water 
is present in the reaction medium, rehydroxylation of the surface is not possible 
once zirconium hydroxide has transformed to zirconia following calcination at 
500 °C. The porosity of the sample decreased after heating. Pores of 3 to 15 nm 
were still present after calcination while those below 3 nm or bigger than 15 nm 
were severely reduced in number.  
 
 
Table 5.3 Textural properties of ZS-30 under different calcination temperatures 
Catalysts Surface area (m2/g) Pore volume (mL/g) 
ZS-20-f 415 0.67 
ZS-20-c300 282 0.47 
ZS-20-c500 233 0.44 
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 Reaction conditions: 1.08 mmol benzyl alcohol, 1.08 mmol  TBHP, 5 mL toluene, 
100 mg catalysts, 110 °C. 


























Figure 5.3 Effect of calcination temperature on the oxidation of benzyl alcohol by 
TBHP. 





































































Figure 5.4 N2 isotherms and pore size distribution of ZS-20 after calcination to 
different temperatures. 
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Effect of different substrates 
The oxidation of different alcohols using TBHP was carried out using ZS-20-f as 
the catalyst and a 1:1 ratio of TBHP:substrate (Table 5.4). The oxidation of 
benzylic alcohols was more facile than aliphatic or cyclic alcohols. The 
conversion of 1-phenylethanol and benzyl alcohol was > 95 % after 2 h reaction. 
The conversion of cyclohexanol was lower, ~ 57 %. The addition of a tert-butyl 
group to cyclohexanol activated the molecule so that a higher conversion, 84 %, 
was obtained. However, a linear alcohol, n-hexanol was only very slowly 
converted to n-hexanone, 12 % in 2 h. The conversion was higher in geraniol 
which had a conjugated doubled bond in the molecule; the conversion was 27 % 
in 2 h. 1,4-Butanediol was oxidized to 1,4- butyrolactone and tetrahydro-2-furanol. 
The ratio of the two products butyrolactone: tetrahydro-2-furanol is 10:1, which is 
much higher than the 1:1 ratio obtained via aerobic oxidation. Comparing aerobic 
oxidation, Oppenauer oxidation, and oxidation with TBHP, the rate of reaction is 
fastest than the latter. Usually, a conversion higher than 90 % can be attained 
within 15 min (Fig. 5.5). Furthermore, the selectivity to the corresponding 
aldehydes and ketone is > 99 %.  
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 Table 5.4 TBHP oxidation of various alcohols 
























55 > 99 O
 
5 12 > 99 O OH 
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Reaction conditions: 1.08 mmol alcohol, 1.08 mmol TBHP, 5mL of toluene, 
100 mg ZS-20-f.  aafter 2 h.  
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Figure 5.5  TBHP oxidation of various alcohols over ZS-20-f. 
 
Reusability of catalysts 
The catalyst ZS-20-f was used in three batches of reaction involving the oxidation 
of 1-phenylethanol (Fig. 5.6). After the first batch, the catalyst was first washed 
with toluene. This step aimed to remove any adsorbed organic products or 
reactants. Next, the catalyst was washed with 0.1 M NaOH solution. The 
conversion for 1-phenylethanol over the used catalyst was slightly lower than that 
over the fresh catalyst. The conversion was 92 % as compared to above 99 % for 
the fresh catalyst. Reusing the catalyst third time did not significantly change the 
conversion. After 4 h reaction, the conversion was 91 %. The results show that the 
catalyst can be reused for the oxidation by TBHP with very small loss in activity. 
This is in contrast to the bigger loss in activity when the catalyst was recycled for 
 107
use in Oppenauer oxidation. The surface area of the twice-recycled ZS-20-f was 
272 m2/g compared to 415 m2/g for the unused catalyst. The pore size distribution 
curve shows that there were less pores up to 40 nm after the sample was reused  
(Fig. 5.7). Although the surface area and pore size density were reduced, the 
maintenance of good activity shows that there are enough active sites for the 
reaction.  





















Fig. 5.6 Oxidation of 1-phenylethanol with TBHP over ZS-20-f. 
Reaction conditions:1.08 mmol 1-phenylethanol, 1.08 mmol TBHP, 5 mL 
toluene, 100 mg ZS-20-f, 110 °C. 
 
 108





The mechanism for TBHP oxidation of alcohols over homogeneous catalysts such 
as zirconium tert-butoxide and zirconium n-propoxide has been proposed by 
Krohn et al.8 The metal centre (Zr) serves to coordinate the alcohol and TBHP. 
The hydride is transferred to the activated O-O bond of the hydroperoxide, 
resulting in the aldehyde or ketone, tert-butanol and a zirconium species, O=Zr(t-























































Figure 5.7 Pore size distribution of ZS-20-f before and after reaction. 
catalyst Surface area (m2/g) Pore volume (mL/g) 
ZS-20-f 415 0.67 
ZS-20-f 2nd cycle 272 0.49 
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OBu)2. This species is regenerated by reaction with the alcohol and TBHP, 
releasing one mole of water. Over a heterogeneous surface, we propose that the 
reaction proceeds via the following steps as outlined in Scheme 5.1. The only 
difference with the homogeneous zirconium tert-butoxide catalyst is that the 
zirconium is hydroxylated and the hydroxyl groups, rather than the tert-butoxide 
species, can undergo ligand exchange with the alcohol and TBHP. The 
heterogeneous catalyst is more robust than the homogeneous catalyst as the 































Scheme 5.1 Proposed mechanism of oxidation by TBHP on a heterogeneous 
surface.  
Although it is very similar to the mechanism for the Oppenauer oxidation with the 
hydroperoxide replacing the carbonyl compound as the hydrogen acceptor, there 
are some differences between these two reactions. In the Oppenauer reaction, the 
equilibrium is determined by the redox potential of the carbonyl/alcohol pairs 
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while in TBHP oxidation, the hydride transfer to the O-O acceptor is irreversible. 
Hence, the oxidation to the carbonyl compounds can only occur quantitatively 
provided the process is kinetically possible. 
 
For both TBHP and Oppenauer oxidation, hydroxyl groups play a very important 
role in the activity of the reaction. The ligand exchange between surface hydroxyl 
groups and alcohol reactant or TBHP to form alkoxide/peroxo species is crucial to 
the transformation of the molecule. Calcination at higher temperature irreversibly 
removes the hydroxyl groups and also lowers the surface area and pore volume, 
thus resulting in lower catalytic activity.  
 


















Figure 5.8 Conversion of benzyl alcohol by TBHP and Oppenauer oxidation. 
Reaction conditions: 1.08 mmol benzyl alcohol, 5 mL toluene, 110 °C, 100 mg 
ZS-30-f. 
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 The oxidation reaction by TBHP usually proceeds very fast compared to 
Oppenauer oxidation (Fig. 5.8). The conversion is typically completed in the first 
15 min whereas in Oppenauer oxidation, the initial rate of reaction was slower and 
the reaction continues over time. The TBHP used in the reaction contains about 
60% water. However, the results show that reactions were not ruined by water in 
the system. Therefore, compared with homogeneously catalyzed TBHP oxidation, 
the Zr(OH)4-supported silica can be considered as water-resistant. 
 
5.5 Conclusion 
TBHP was found to be an efficient oxidant in the oxidation of benzylic and allylic 
alcohols using Zr(OH)4-supported silica as catalysts. High selectivities to the 
corresponding aldehydes or ketones were obtained when the ratio of TBHP to 
alcohol was 1:1. Increasing the TBHP composition in the reaction mixture had no 
significant effect on the conversion, although the selectivity decreased.  The 
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